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ABSTRACT
During the 1994 Northridge earthquake, six precast parking structures suffered
partial or complete collapse. One possible cause of these failures may be large floor
diaphragm deformations under seismic loading. These precast parking structures are
usually designed using a rigid diaphragm assumption. Thus, significant flexibility of the
diaphragms may result in story drifts that are much larger than those of the vertical
elements of the lateral load resisting system (typically shear walls), and the precast
components of the structure may be unable to maintain their structural integrity resulting
in failure of the gravity load system.
The objectives of this research are: (1) to study the inelastic in-plane behavior of
the floor diaphragms of a precast parking structure typical of the Los Angeles area, and
(2) to determine the influence of the diaphragm behavior on the seismic performance of
the prototype parking structure, in particular, the story drifts, and the resulting drift
demands placed on the gravity load system of the parking structure.
A prototype parking structure was designed by a Los Angeles area design firm.
The DRAIN-2DX program was used to perform nonlinear, inelastic static analyses of the
floor diaphragms in the transverse direction of the structure. The results of these analyses
were used to determine the properties of a multi degree-of-freedom DRAIN-2DX dynamic
analysis model used to investigate the seismic response of the prototype parking structure.
The dynamic responses of the prototype parking structure to three earthquake ground
motions in the transverse direction were observed.
The response of the dynamic analysis model produced first story drifts as large as
4.4% at the mid-span of the prototype parking structure. Simil~rly, story drifts as large
as 3.3% were also observed in the fourth story. At every level of the parking structure
the mid-span displacements of the floor diaphragms were greater than the displacements
of the shear walls. Since the gravity load system of a typical precast parking structure
is not detailed for such large drifts, it is concluded that the gravity load system may
possibly fail, leading to the collapse of the parking structure.
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CHAPTER 1
INTRODUCTION
During 1994 Northridge earthquake, six precast parking garage structures suffered
partial or complete collapse. Deformation and possible failure of the floor diaphragms
in these structures may have contributed to this severe damage. This research investigates
the response of a typical precast parking structure to earthquake induced ground motion
in the transverse direction of the structure. The inelastic behavior of an individual floor
diaphragm, and the influence of this behavior on the performance of the parking structure
are examined.
In examining the response of a typical parking structure (Figure 1.1 (a)) to ground
motions in the transverse direction, it is necessary to consider the relative flexibilities of
the floor diaphragms and the lateral load system (shear walls). Current design procedures
assume rigid diaphragm behavior. Under the rigid diaphragm assumption, the diaphragms
are expected to undergo the same lateral drift as the shear walls (Figure 1.1 (b)). If the
in-plane deformations of the diaphragms are significant, story drift at locations away from
the shear walls may be larger than expected (Figure 1.1 (c)). Because the inelastic
deformation of a floor diaphragms is much greater than the elastic deformation, yielding
of the diaphragms may cause even larger story drifts to occur away from the shear walls.
The precast gravity load components (Figure 1.l(a)) of the parking structure may not
accommodate the larger than expected story drifts, and as a result, may fail. In addition,
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the diaphragms may not be designed and detailed to provide the strength and deformation
capacity required to meet the demands, and may fail in flexure or shear.
1.1 PROBLEM STATEMENT
Precast parking structures are designed for anticipated story drifts under seismic
loading that are based on a rigid diaphragm assumption. As a result, the story drifts at
locations in these structures are expected to be controlled by the lateral load system (shear
walls). If the flexibility of the diaphragm is significant, the story drifts at some locations
in the parking structure may be larger than anticipated, and the precast components of the
structure may not be able to maintain their structural integrity, resulting in failure of the
gravity load system. Furthermore, if the diaphragm yields under earthquake loading, the
inelastic behavior of the diaphragm will produce larger story drift demands. The
diaphragms may not be designed to provide the required inelastic deformation capacity
after yielding.
1.2 APPROACH
A prototype parking structure was designed by a Los Angeles area design firm
[Bashaw, Nakaki, and Bondi (1994)] for use in this study. Nonlinear inelastic static
analyses of the diaphragms at each level were conducted. Nonlinear inelastic static
analyses of the transverse shear walls were also conducted. The inelastic behavior of the
diaphragms and the transverse shear walls were used to determine the stiffness and
strength of these structural elements for use in a dynamic analysis model.
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To investigate the seismic response of the prototype parking structure, a multiple
degree-of-freedom dynamic analysis model was developed. The dynamic response of the
parking structure to ground motions in the transverse direction provided the drifts at each
level as well as the forces that develop in the diaphragms and shear walls. These
responses were compared to the behavior of the structure considered in design, and the
influence of flexible diaphragm behavior was established.
1.3 OBJECTIVES
This research has two primary objectives: (I) to study the elastic and inelastic
behavior of the floor diaphragm of a typical parking structure, and to determine the
validity of the rigid diaphragm assumption used in design; and (2) to determine the
influence of diaphragm behavior on the seismic response of the prototype parking
structure, including, in particular, story drifts, and the resulting drift demands placed on
the parking structure.
1.4 SCOPE
This research considers precast parking structures in the Los Angeles area
subjected to ground motions typical of the Northridge earthquake. The prototype structure
which is studied is typical of precast parking structures in the Los Angeles area.
The stiffness and strength of only the shear walls and the floor diaphragm systems
are considered. The analysis of each floor diaphragm considers only the in-plane flexural
strength and stiffness of the diaphragm. The contribution of the gravity load system to
5
the lateral stiffness and strength of the parking structure is ignored. Only the response
of the parking structure to ground motion in the transverse direction is considered.
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Gravity Load Shear Wall (Typical)
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- - - - -. Undeformed Shape Deformed Shape
Figure 1.1. (a) typical precast concrete parking garage strucutre including
shearwalls, gravity load columns, inverted tee and sprandrel girders,
double tee units; (b) rigid diaphragm (c) flexible diaphragm.
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CHAPTER 2
BACKGROUND
During the 1994 Northridge earthquake, six precast parking garages suffered
collapse or severe damage. A number of other precast parking structures suffered less
severe, yet still critical, damage. While these parking structures could be expected to
suffer some structural damage due to the severity of the ground motions associated with
this earthquake, these structures should not have been so severely damaged. The extent
of the damage to these parking structures indicates that problems exist with current
design and construction practices for these structures.
2.1 PRECAST PARKING STRUCTURE CHARACTERISTICS
Precast parking structures are not unique with regards to the materials used for
construction. However, they are unusual in their construction. Unlike many other
structures, parking structures have no partitions, duct work, ceilings or other non-structural
elements that may help to absorb the energy input into the structure by the earthquake.
Such energy absorbing elements help to reduce the seismic demands on the structure.
Precast parking structures are also unusual in their structural configuration.
Parking structures are often large in plan. Due to the large plan area and exposure to
external temperature variations, these structures may be subjected to significant
temperature changes, and these temperatures changes make it necessary to reduce the
stresses which result from thermal contraction and expansion. In addition, it is important
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to consider creep and shrinkage of the prestressed concrete components that are often
used. To minimize the stresses which result from restraining thermal contraction and
expansion, and creep and shrinkage, few rigid connections are provided between precast
elements.
The structural configuration of a typical parking structure includes only a few
lateral force resisting elements. These are usually shear walls. In most instances, the
shear walls are located along the outer perimeter of the parking structure. This location
of the shear walls results in long distances between lateral force resisting elements in the
longitudinal direction. Some parking structures include long ramps connecting
consecutive floor levels. Such ramps cause large interruptions in the floor diaphragms
and generate interactions between two consecutive floor levels.
The floor diaphragms at each level of a precast parking structure are composed
of long and narrow diaphragm segments (Figure 2.1). The individual diaphragm segments
are comprised of double tees placed side by side. In order to overcome the discontinuity
between adjacent double tee flanges, a topping slab is cast over each diaphragm segment
(Figure 2.2). The double tees span between inverted tee girders which run from column
to column and are supported by corbels.
2.2 SUMMARY OF DAMAGE REPORTS
Of the six precast parking structures which suffered complete or partial collapse,
two were built in 1988 while the others were built between 1985 and 1988 [Iverson and
Hawkins (1995)]. Two of the precast parking structures which suffered partial collapse
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were located at the Northridge Fashion Center [NIST (1994)]. A three-level precast
parking structure located at the south end of the site suffered almost complete collapse,
but had intermittent shear walls which remained standing. A similar, but smaller, precast
parking structure located at the north end of the Northridge Fashion Center suffered
partial collapse.
Wood, Stanton, and Hawkins (1995) investigated the performance of three precast
parking structures: Parking structures A, B, and C. All three parking structures were
located less than two miles from the epicenter of the 1994 Northridge earthquake. In all
three parking structures, cast-in-place reinforced concrete shear walls comprised the
lateral-load resisting system while precast concrete columns, beams, and double tees
formed the gravity-load framing system. A concrete topping slab, which served as a
diaphragm was cast over the double tees. The three parking structures were located less
than one-half mile apart and were supported on pile foundations.
Structure A sustained the most damage of the three parking structures. Large
portions of the structure collapsed. Only the sections of the structure located immediately
adjacent to the shear walls remained standing. Structure B suffered only partial collapse.
The partial collapse was confined to the north-east comer of the parking structure. Both
parking structures A and B were demolished shortly after the Northridge earthquake.
Parking structure C was much smaller than the other two structures. Structure C
sustained only minor cracking in the slab on grade, precast columns, and precast inverted
tee beams. The cracks were injected with epoxy, and the parking structure remains in
service.
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Iverson and Hawkins (1994) reported on several of the precast parking structures
which suffered partial or complete collapse. One partial collapse not mentioned
previously occurred at the Glendale Civic Center. This precast parking structure was built
in 1988. Cast-in-place reinforced concrete shear walls made up the lateral-load resisting
system in the north-south and east-west directions. Precast columns, inverted tee girders,
and double tees made up the gravity-load framing system. At the roof level, the
connections of the double tees to the east shear wall were badly damaged. In addition,
the chord reinforcing steel within the topping slab over the double tees had yielded in
tension and then or buckled so that there was a complete failure of the roof level
diaphragm.
In general, the shear walls in heavily damaged precast parking structures appeared
to be relatively undamaged [EERI (1994)]. This lack of damage may indicate that the
lateral loads were never transferred to the walls due to insufficient connection to the
diaphragms. In addition, it was observed that the complete or partial failures of the
precast parking structures appeared to have been precipitated by damage to the gravity
load system. Possibly large lateral displacements caused concrete crushing in poorly
confined columns that were not detailed to be part of the lateral-load resisting system.
The large lateral displacements may have been a result of the flexibility of the cast-in-
place topping slab that helps to make up the horizontal floor diaphragms [EERC, (1994)].
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2.3 SUMMARY OF CODE REQUIREMENTS [1991 UBC]
Parking structures in Southern California are usually designed using the equivalent
lateral force design procedure outlined in the Uniform Building Code (UBC) [Uniform
Building Code, 1991].
The total design base shear, V, in a given direction is calculated as follows:
V= ZIe w
R
w
2.1
where, Z is the seismic zone factor, I is the importance factor, W is the total seismic dead
load, and Rw is a numerical coefficient. For a precast parking structure with a shear wall
lateral load resisting systems, Rw is equal to 8. The coefficient e is calculated as follows:
e = 1.25 S
T 213
2.2
where, S is the coefficient for site soil conditions and T is the fundamental period of
vibration of the structure (in seconds) in the direction considered. The coefficient e need
not exceed 2.75.
The total design force or base shear is to be distributed over the height of the
structure so that:
n
V = Ft + LFi
i=1
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2.3
where, Fr is the portion of the base shear that is concentrated at the top of the structure
in addition to Fn, and F; is the lateral force applied to level i. The concentrated force Fr
is calculated as follows:
F
r
= 0.07TV 2.4
In Equation 2.4, the value of F( need not exceed 0.25V and may be considered zero when
T is less than or equal to 0.7 seconds. The remaining portion of the total design lateral
force shall be distributed over the entire height of the structure as follows:
L
i=1
wh.
I I
2.5
In Equation 2.5, wj and W, are equal to the portion of the total seismic dead load assigned
to level i or x respectively while hj and hx are the height in feet above the ground level
to level i or x respectively. At each level x, the force Fx is distributed over the area of
the structure according to the mass distribution at that level. The stress in each structural
element is calculated from the forces Fx and F( applied at the appropriate levels.
According to the UBC code, the in-plane deformation of the diaphragms should
not exceed the permissible deflection of the attached elements. The permissible
deformation is defined to be the deformation which permits the attached element to
maintain structural integrity and continue to support the prescribed loads. Floor
diaphragms are designed to resist the following forces:
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nF + [F j(
F i=l 2.6= W
"x n "x
[Wj
i=l
where, F"x is the force on the diaphragm at level x and w"x is the weight of the diaphragm
and the tributary elements at level x. The force F"x is not to exceed 0.75ZIw"x' but is not
to be less than 0.35ZIw"X'
Components of the gravity load system (e.g. columns) should be shown to be
adequate for vertical load carrying capacity when displaced (3/8)R
w
times the maximum
elastic displacement caused by the seismic design forces. The story drift is not to exceed
0.04/Rw or 0.005 times the story height for structures with a fundamental period of less
than 0.7 seconds. For structures having a fundamental period greater than 0.7 seconds,
story drift shall not exceed 0.03/Rw or 0.004 times the story height.
2.4 SUMMARY OF CURRENT DESIGN PRACTICE
Current seismic design procedures in Southern California assume that precast
parking structures have rigid diaphragms. The floor diaphragms are expected to undergo
the same lateral displacements as the shear walls. The design of the gravity load system
of the parking structure is based on this assumption. The story drift demands on the
columns and connections of the gravity load system are determined by the relative
displacement between consecutive floor systems. In the event the diaphragm deforms,
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the columns located away from the shear walls will be subject to large story drift
demands.
In parking garages such as the one shown in Figure 2.1, each floor level is
constructed of three diaphragm segments. The reinforcement of each floor diaphragm is
designed for the in-plane forces and bending moment which develop in the three
diaphragm segments acting as a unit, and individually. The reinforcing bars act as chord
steel to resist the bending moments which result from the transverse inertial forces (Figure
2.3). The diaphragm chord reinforcement is placed at the extreme fibers of the three
individual diaphragm segments. According to code specifications (Section 2.3) for
diaphragm design forces, the amount of reinforcement increases with the height of the
floor level in the structure.
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Figure 2.1. Typical level of typical parking structure.
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Figure 2.2. Arrangement of typical double tee units along diaphragm segment.
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Figure 2.3. Arrangement of chord steel in typical floor diaphragm.
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CHAPTER 3
PROTOTYPE PARKING STRUCTURE
The parking structures studied in this research have many common characteristics
that are described in this section. The parking structures studied in this research are
comprised of both precast and cast-in-place components. The precast components,
including columns, inverted tee girders, and double tee units, comprise the gravity load
system. The double tee units and the concrete topping slab make up the diaphragm nOOf
system. The inverted tees run from column to column and are supported by corbels. The
double tee units, placed side by side, span between the inverted tees.
The cast-in-place components of the parking structures include the shear walls and
the topping slabs at each noor level. The shear walls act as the primary members of the
lateral load system. The topping slab, with reinforcement, and the double tee units make
up the diaphragm system. In most instances, the shear walls are cast along the perimeter
of the parking structure. Interior shear walls are not utilized as often, because they create
obstructed views. The shear walls extend the entire height of the parking garage.
The cast-in-place topping slab is usually 2 to 3 inches thick. Steel wire mesh is
cast into the topping slab in order to prevent the formation of shrinkage cracks. Chord
and collector steel reinforcement is also cast into the slab at critical load carrying
locations. Bond between the topping slab and the double tee units creates composite
action. The floor diaphragms are connected to the shear wall by dowels which extend
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from the shear and are cast into the topping slab. The thickness of the concrete topping
slab may increase in these regions to provide suitable concrete cover.
3.1 PROTOTYPE PARKING STRUCTURE
The prototype parking structure studied in this research is a typical parking garage
designed by a Los Angeles area design firm [Bashaw, Nakaki, and Bondi (1994)]. The
prototype parking structure measures 320 ft. x 189 ft. in plan. Floor plans of the
prototype parking structure are shown in Figures 3.1-3.3. The parking structure is
comprised of five levels of parking including the ground level (Figure 3.4). The plan
contains four column lines in the longitudinal direction. The column lines divide each
floor into a north, ramp, and south diaphragm segment. Each diaphragm segment is 63
ft. wide, the length of one double tee. In the longitudinal direction, columns are spaced
every 32 ft. A series of four 8 ft. wide double tees are placed between each pair of
columns. A total of 40 double tees placed side by side run along the entire length of each
diaphragm segment. The outer and inner portions of each diaphragm segment form the
parking areas while the middle portion is reserved for traffic flow. The inclined ramps
which connect consecutive floor levels do not run the entire length of the parking garage
in order to permit uninterrupted traffic flow.
3.1.1 Shear Walls
The lateral load system of the prototype garage consists of shear walls located
along the outer perimeter of the parking structure. In order to resist lateral loads in both
the transverse and longitudinal directions, shear walls are located on all four sides of the
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parking structure. Two 30 ft. wide transverse shear walls are located at both the east and
west ends of the parking structure, while separate 66 ft. wide longitudinal shear walls are
situated on the north and south sides of the parking garage (Figure 3.1). All of the shear
walls are 12 inches thick and 44 ft. - 8 inches high.
Both the transverse and longitudinal shear walls are cast-in-place using 5000 psi
concrete, and the amount of steel reinforcement varies over the height of the shear wall.
Two shear wall designs were generated by Englekirk and Nakaki: a 1991 VEC design and
a 1994 VEC design (Figure 3.5-3.8). For the shear walls designed according to the 1991
VEC design code, the concrete located near the edge regions of the wall is confined using
transverse ties (Figures 3.9 and 3.10). The amount of transverse ties and longitudinal
reinforcement decreases with each successive story level up the height of the wall. While
the longitudinal shear wall contains varying amounts of ties over its entire height (Figure
3.10), ties are not included in the uppermost level of the transverse shear walls (Figure
3.9(d)).
Compared to the 1991 DBC design, the shear walls designed according to the
1994 VEC have less longitudinal reinforcement in the edge regions of the shear walls and
smaller amounts of ties to confine concrete in the edge regions of the longitudinal shear
walls (Figure 3.1O(c)) with no ties in the case of the transverse shear walls (Figure
3.IO(e)).
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3.1.2 Floor Diaphragm Systems
The 1 floor diaphragm floor system at each level consists of three individual
diaphragm segments: the north, south, and ramp. As a result, each floor diaphragm
system responds as three separate diaphragm strips acting in parallel.
North and South Diaphragm Segments
Both the north and south diaphragm segments span the entire length of the parking
garage. The inner and outer portions of the north and south segments form the parking
areas while the inner portion is reserved for traffic flow.
Each of the floor diaphragm segments consist of double tees and a cast-in-place
concrete topping slab. A total of 40 double tees are placed side by side over the entire
length of the floor diaphragm. The double tees span between inverted tee girders. The
prototype parking structure design utilizes typical precast double tee sections which are
8 ft. wide and 24 inches deep.
A 3 inch topping slab is cast-in-place over the flanges of the double tee units. The
topping slab helps to create a stiffer and stronger floor diaphragm. Steel wire mesh is
cast into the topping slab to prevent the formation of shrinkage cracks. The topping slab
is also reinforced with chord steel along the longitudinal boundaries of each diaphragm
segment. The outer boundary of each of the north and south diaphragm segments
contains more chord steel reinforcement than the inner boundary. Due to the dual
symmetry of the parking structure, the north and south diaphragm segments at each level
are reinforced symmetrically with respect to one another. The amount of chord steel
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reinforcement contained along each diaphragm boundary is increased with each successive
level.
Ramp Diaphragm Segments
The ramp diaphragm segments are located in the center of the prototype parking
structure between the north and south diaphragm segments. Each ramp diaphragm
segment consists of horizontal end regions connected by an inclined diaphragm region.
The end regions are located at consecutive floor levels of the parking structure. The
inclined portion of each ramp diaphragm segment permits both upward and downward
traffic flow.
Ramp diaphragm segments include the ramps connecting levels 2 and 3, 3 and 4,
and 4 and the 5 (roof). These ramp diaphragm segments are constructed in the same
manner as the north and south diaphragm segments, i.e. reinforced topping slab cast over
double tee units which span between inverted tee girders. The ramp connecting the
ground level and second level is primarily constructed of a slab cast-on-fill. The slab
cast-on-fill is supported by masonry retaining walls on all three sides. Only the upper
portion of the ramp is constructed of double tees and a topping slab.
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Figure 3.1. Floor plan of level two III the prototype parking structure,
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Figure 3.2. Typical floor plan of levels three and four in the prototype parking
structure.
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Figure 3.3. Floor plan of level five (roof) In the prototype parking structure.
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Figure 3.4 Longitudinal section of the prototype parking structure.
26
11 THICK WAll
(f'C2 5000 p,i)
L,
'4 0 11 lEA WAY
EA F~E I
'5 0 11 EA. WAY
EA F~E
'6 0 11 EA. WAY
EA F~E
17 0 11 EA WAY
EA F~E
Figure 3.5. Elevation of transverse shear wall designed according to the 1991 UBe.
9 --.,;6:,.::6_'-.:...If p
psi) I ;'4 0 11 fA WAY IfA FAC£ I
ROOF LEVEL
" /
/4-111 I rf5 • 11 fA WAY
4TH LEVEL fA FAC£
© V-.
3TH LEVEL
® VB-Jll /t11,if EA. WAY8- 9
2TH LEVEL
(ir-
'/- 6-'9
/
1ST LEVEL
--. ~
11 THICK YI.AU
(f'c- 5000
Figure 3.6. Elevation of longitudinal shear wall designed according to the 1991
UBe.
27
o It E.4. WAY
FACE
o 1t EA. WAY
FACE
o 1t E.4. WAY
FACE
y
~~1-"--------.. l$i) ~ •
I I rf4 0 1t 1E.4. WAEA. FACE 0I
ROOF LEVEL
"
! /
I Ij
/4-111 I __ ,S
4TH LEVEL / EA.
'TYP. H ! VI I
3TH LEVEL i
/""4-111 I
--
_16
E.4.
2TH LEVEL i
I
-
',- 17
EA.
1ST LEVEL
-
1t THICK WAlL
(f'c- 5000 p
Figure 3.7. Elevation of transverse shear wall designed according to the 1994 UBC.
'TYP. COL. REINF.
psi) 66'-0"
I ;'4 • It' EA. WAY I. EA. FACE 0I
ROOF LEVEL
"
/
I
, rfS' It' EA. WA
4TH LEVEL EA. FACE
'TYP. C / v
1
3TH LEVEL
/tf 0 1t' EA. WAYFACE
2TH LEVEL
/
1ST LEVEL
-
1t' THICK WAI.L
(f'c- SOOO
Figure 3.8. Elevation of longitudinal shear wall designed according to the 1994
UBC.
28
,~ HOOP TI[5
III 'o/C
-
-1
•
LJ LJ
,~ HOOP TIES
o 4°0/C
,~ ~ Tl[5 (b)
o 'OIC
~oo
0 0
LJ
(c)
2-'11
C~
LJ
LJ
(d) (e)
Figure 3.9. Cross-sections (a) 0, (b) E, (c) F, (d) G, and (e) H of the transverse
shear walls.
29
'"..I
...
-
..
I
...
(a)
'"..I
Cl
-
..
I
...
(b)
-v
friCQHIlH£JI£NfU.N.O"
r<'
,
-
..
I
...
.. II!
(c)
Figure 3.10. Cross-sections (a) A, (b) B, and (c) C of the longitudinal shear walls.
30
CHAPTER 4
ANALYTICAL MODEL FOR PARKING STRUCTURE
UNDER TRANSVERSE SEISMIC LOADING
This chapter describes the development of nonlinear inelastic models for the
behavior of the prototype parking structure under transverse seismic loading. First, in
Section 4.1, the behavior of the parking structure and the importance of the diaphragm
deformation are introduced using simple beam models. Then, in Section 4.2, several
analytical models for the inelastic flexural behavior of a parking structure diaphragm
segment are studied. One of these analytical models is selected and used, with
appropriate boundary conditions, to estimate the stiffness and strength of the diaphragm
segments of the prototype parking structure in Section 4.3. In Section 4.4, a dynamic
analysis model for the prototype parking structure is presented, and in Section 4.5, the
stiffness, strength, and hysteretic behavior, as well as the mass and damping properties
of the model are developed.
4.1 BEHAVIOR OF PARKING STRUCTURE UNDER TRANSVERSE SEISMIC
LOADING
This study first focuses on the in-plane response of each diaphragm segment under
seismic loading in the transverse direction of the parking structure. To illustrate the
importance of flexible diaphragm behavior in precast parking structures, the displacements
of the diaphragms and the shear walls of the prototype parking structure are compared.
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The impact of the diaphragm deformations on the drift of the parking structure are easily
observed.
4.1.1 Simple Beam Analysis
In order to gain an initial understanding of the behavior of a diaphragm segment
under transverse seismic loading, three two-dimensional, deep reinforced concrete beam
models were analyzed under a uniform load (Figure 4.1). Model I considers the flexural
behavior of the diaphragm segment using an uncracked concrete cross-section reinforced
with both tension and compression chord steel. The shear deformations are neglected.
Model II is identical to Model I with the exception that elastic shear deformations are
included. Model III considers the flexural behavior of a cracked concrete cross-section
reinforced with tension and compression chord steel, and also reinforced with steel wire
mesh. Shear deformations are neglected in Model III.
Models I, II, and III are subjected to a uniform inertial load. The resulting mid-
span displacements are shown in Figure 4.2. The responses of Models I and II indicate
that flexural deformations are far more important than the shear deformations. Based on
these preliminary results, analyses of later diaphragm segment models focused entirely
on flexural response. Furthermore, the responses of Models I and III indicate the
importance of cracking on the flexural stiffness of a diaphragm segment. This will be
discussed later in Section 4.2.
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4.1.2 Shear Wall Displacements vs. Diaphragm Mid-span Displacements
To illustrate the importance of flexible diaphragm behavior, displacements of a
shear wall and a diaphragm segment are compared. A linear elastic analysis was
performed to determine the displacements under static seismic loading of a transverse
shear wall and the mid-span of a typical diaphragm segment at the 2nd floor of the
prototype parking structure. To simplify this analysis, an idealized arrangement of
diaphragm segments is assumed to be supported by a single transverse shear wall at each
end (Figure 4.3). The diaphragm segment model includes the flexural behavior of a
cracked concrete cross-section which is reinforced with compression and tension chord
steel and steel wire mesh. Shear deformations are neglected. The shear wall model
considers flexural behavior using a cracked concrete cross-section reinforced with
longitudinal steel. Elastic shear deformations of the shear wall are included.
The seismic loading of each diaphragm segment is based on a uniform acceleration
of the parking structure. The loads applied to the shear wall are the loads resisted by one
transverse shear wall of the prototype parking structure given a uniform acceleration of
all the floor levels of the structure. The application of these inertial loads is shown in
Figure 4.4 The displacements of the shear wall and the mid-span of the diaphragm
segment at the second floor level are compared in Figure 4.5.
The results of this simplified analysis show that, under transverse seismic loading,
drifts at the mid-span of a diaphragm segment of the prototype parking structure are much
larger than the drifts of the shear walls.
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4.1.3 Impact of Diaphragm Deformations on Gravity Load System
The deformations of the diaphragm segments can introduce drift demands on the
gravity load system of the parking structure that are much greater than those anticipated
from considering only the displacements of the shear walls. These additional drift
demands may be seen by examining the plan and cross-sectional views of a schematically
deformed prototype parking structure (Figures 4.6 and 4.7). The plan view in Figure 4.6
demonstrates gravity load system components located away from the shear walls must
endure larger drifts than those located near the shear walls. A column located at the mid-
span of an individual diaphragm segment must undergo the shear wall drift as well as the
additional drift produced by diaphragm deformations.
The cross-sectional view of the deformed prototype parking structure in Figure 4.7
illustrates the effect of diaphragm deformations on the gravity load system. As a result
of individual diaphragm segment deformations, different displacement demands may be
placed on a continuous column. This problem is made more severe for interior columns
extending over several floors and also supporting the ramps. In addition to creating
different displacement demands on the columns, the ramps also create shortened column
segments.
4.2 INELASTIC MODELS FOR THE FLEXURAL BEHAVIOR OF
DIAPHRAGM SEGMENTS
In Section 4.1, the importance of diaphragm flexural deformation to the seismic
behavior of parking structures is illustrated using simple elastic analysis models. In this
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section, five inelastic models are considered. The models incorporate different levels of
modeling sophistication.
Each model is loaded with a transverse uniform load in the plane of the
diaphragm. The models include the flexural response of each diaphragm segment, but
neglect shear deformations. No consideration is given to the effect of shear failure on the
flexural response of each diaphragm segment. The analyses are based on the following
assumptions: (I) each cross-section along the diaphragm segment has sufficient shear
strength, and (2) sliding does not occur between adjacent double tee flanges.
4.2.1 DRAIN-2DX Fiber Models
The DRAIN-2DX computer program [Prakash and Powell (1992)] was used to
develop models of the diaphragm segments, and conduct inelastic static analyses of the
models. In DRAIN-2DX, the structure is modeled as a two-dimensional assemblage of
non-linear elements connected at nodes. The DRAIN-2DX fiber element is the element
which was used to develop the models.
Different cross-section types within a diaphragm segment were identified and each
cross-section type was modeled as a fiber element type with an arrangement of
longitudinal fibers. The geometric properties of each individual fiber are given by its
location in the Y-axis reference system and its fiber area. In addition to its geometric
properties, each fiber is assigned a material type (Figure 4.8). The material type
designation determines the stress-strain response of an individual fiber. The response of
the fiber element assumes that plane sections remain plane.
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4.2.2 Material Type Models
The behavior of each material type is governed by a stress-strain curve. The
actual stress-strain behavior is approximated with a piece-wise linear model. Material
models were developed for each of the following diaphragm segment components:
reinforcing steel, wire mesh, and concrete.
Reinforcing Steel
Two different reinforcing steel models were used. One reinforcing steel model
directly approximates the anticipated stress-strain behavior of typical chord steel. This
reinforcing steel model is used for most situations. The linearized stress-strain curve for
the chord steel is shown in Figure 4.9. The chord steel yields at a stress of 60 ksi and
ruptures at a stress of 90 ksi. The elastic modulus of the chord steel is 29,000 ksi.
A second, modified reinforcing steel model was developed for use in diaphragm
segment models which include the behavior of the joint regions between the double tee
girders. As described later, this model includes the pullout of the chord steel from the
topping slab along with the stress-strain behavior of the steel.
Wire Mesh
The welded wire mesh is prefabricated reinforcement consisting of wires welded
together in 6 inch square grids. This type of reinforcement is included in some of the
diaphragm segment flexure models. The diaphragm segment models are loaded in the
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transverse direction so only the wires running in the longitudinal direction are included
in the models.
The wire mesh is constructed of wire with a diameter of 5.3 mm. The yield and
tensile strengths are 70 ksi and 80 ksi respectively. Wire with small diameter is more
brittle than typical reinforcing steel, because a cold working process is used to draw the
wire to the small diameter. As a result, the yield plateau of the stress-strain curve is
eliminated, and the wire ruptures at elongations of I to 3%.
The DRAIN-2DX fiber model does not permit the modeling of brittle steel fibers,
so two different models of the mesh were developed. In the first wire mesh model, the
wire is modeled as a ductile steel fiber (Figure 4.10). The second wire mesh model
utilizes two DRAIN-2DX concrete fibers acting in parallel to obtain a brittle behavior
(Figure 4.11). The combined behavior of the two concrete fibers more accurately
represents the brittle behavior of the wire.
Concrete
The concrete in the double tee girders and topping slab has a compressive strength,
fe' of 5 ksi. Two concrete fiber models were developed based on the stress strain curve
shown in Figure 4.12. The first concrete fiber model incorporates both the compression
and tension resistance of concrete. The second concrete fiber model includes only the
compression resistance of the concrete. The first concrete fiber model is used to model
uncracked concrete while the second concrete fiber model is used in instances where the
concrete is assumed to be cracked.
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4.2.3 Diaphragm Segment Models
The inelastic diaphragm segment models that were studied are based on the north
diaphragm segment of the fifth level of the prototype parking structure. The models that
were studied are of two different types: (l) continuous models and (2) panelized models.
Both model types consist of in-plane diaphragm segment components, including the 2
inch thick double tee flange, the 3 inch topping slab, and the reinforcement contained in
the topping slab. It is assumed that the double tee stems do not contribute to the
transverse flexural stiffness of the diaphragm segment.
The continuous diaphragm segment models do not distinguish between the "joint"
regions located between adjacent double tee flanges and the "panel" regions within the
width of the double tees. As a result, the continuous diaphragm segment model is a 5
inch (2 inch + 3 inch) thick continuous reinforced concrete slab. The panelized
diaphragm segment model treats the "joint" regions between the double tees and the
"panel" regions within the width of the double tees differently.
Continuous Uncracked Diaphragm Segment Model
The continuous uncracked diaphragm segment model includes the concrete fiber
type which is capable of resisting both tension and compression stresses. This model
assumes that the diaphragm is continuous and uncracked prior to the application of the
transverse load. The diaphragm is reinforced with chord steel, which is modeled without
pullout, along the north and south edges of the diaphragm segment. No wire mesh is
included in this model.
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Two fiber element types are used to construct the continuous uncracked model.
One fiber element type is needed for the middle half of the length of the diaphragm
segment and the other fiber element type is needed for the outer quarters of the segment
length because of the different amounts of reinforcing steel along the north edge.
The continuous uncracked segment model consists of 42 nodes and 41 elements.
Nodes are located at the center of each double tee, and as a result, a node is not located
at the mid-span of the diaphragm segment. Thus, the load-displacement response of the
model is based .on the node located 4 ft. to one side of the mid-span line. The continuous
uncracked segment model is given simple supports and subjected to a uniform transverse
load in the plane of the model. The load-displacement response of the continuous
uncracked model is shown in Figure 4.13. In the figure, a uniform acceleration (in g)
equivalent to the uniform transverse load is given.
Continuous Cracked Diaphragm Segment Model
The continuous cracked diaphragm segment IS identical to the continuous
uncracked model with the exception, that the continuous cracked model assumes that all
concrete is cracked prior to the application of transverse loading. The concrete fiber type
which is capable of resisting only compression stresses is used in this model. The
cracked concrete assumption is based on the discontinuity that exists at the joint between
the double tee flanges. In some cases, troweled expansion joints are used at these
locations to control cracking due to shrinkage and thermal loading of the parking
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structure. The load-displacement response of the continuous cracked diaphragm segment
model is shown in Figure 4.14.
Continuous Cracked Diaphragm Segment Model with Ductile Wire Mesh
The effect of the wire mesh on the strength and stiffness of the diaphragm
segment is considered in the continuous cracked diaphragm segment model by including
wire mesh in the model. By modeling the wire mesh with ductile steel fibers, the brittle
nature of the mesh is ignored, and this model is an upper bound for the strength and
stiffness of a continuous cracked diaphragm segment model.
Only the wire running in the longitudinal direction is included in the model. In
the prototype structure, wires are spaced every 6 inches, and due to the large number of
steel wires present in the cross-section of the diaphragm, one steel fiber is used to model
every nine wires. The load-displacement response of the continuous cracked segment
model with ductile mesh is shown in Figure 4.15.
Continuous Cracked Diaphragm Segment Model with Brittle Wire Mesh
To more accurately include the effect of the wire mesh, a continuous cracked
diaphragm segment model was developed to include the non-ductile behavior of the wire
mesh. As discussed before, it is possible to model the brittle behavior of the wire mesh
by combining two concrete fibers in parallel. The two DRAIN-2DX concrete fibers are
used to model 9 wires together. The load-displacement response of the continuous
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cracked diaphragm models with ductile wire mesh (Figure 4.15) and brittle wire mesh
(Figure 4. 16) are identical up to where the mesh begins to rupture.
Panelized Diaphragm Segment Model
fn the continuous diaphragm segment models, the double tee regions and the joint
regions between the double tee flanges are modeled identically, and the discontinuities at
the joints are ignored. To more accurately predict the strength and stiffness of the
diaphragm segment, a panelized model was developed to distinguish between the "panel"
regions within the width of the double tees, and the "joint" region between the double tee
flanges.
In the panelized model, the panel region is a 78 inch width of double tee between
two 9 inch wide regions associated with the joints along the flanges of the double tees.
The joint region is an 18 inch wide width that includes the 9 inch regions at two adjacent
double tees (Figure 4.17). The panel region of the double tee is modeled with an
uncracked concrete cross-section. The concrete cross-section is reinforced with tension
and compression chord steel, and brittle wire mesh. The steel fiber models described
earlier are used for this steel.
Due to the discontinuity between the double tee flanges and the possibility of
troweled expansion joints in the topping slab, the concrete within the joint regions is
assumed to be cracked, and the joint region is modeled with a cracked concrete
cross-section reinforced with tension and compression chord steel, and brittle wire mesh.
It is assumed that the majority of the diaphragm segment deformations are concentrated
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10 the joint regions. Therefore, the steel fiber model used for the chord steel was
modified to support this assumption. In this modified steel fiber model, the pullout of the
chord reinforcement in the topping slab within the double tee panels was included in the
model for the reinforcing steel in the joint regions.
A bond stress-slip model [Alsiwat and Scatiologu (1992)] was used to capture the
proper flexibility of the reinforcing steel contained within the joint regions between
double tees. In this model, a bonded reinforcing bar has three regions along its length
(Figure 4.18): (1) a region over which elastic bond stresses act, ie' (2) a region over which
frictional bond stresses act, lp, and (3) a debonded region over which the bar is free of
bond stresses, ll!,'
The elastic average bond stress, Ue, represents the average bond stress in the
portion of the reinforcing bar that is elastic (lJ It is calculated as follows:
4.1
where f.. is the yield stress of the reinforcing bar and db is the bar diameter. The
development length, ld' of the bar is given by:
440 Ah fld = _Y- 2: 300 mm
r; 400
K Vie
4.2
where, Ah is the bar area and Ie is the concrete strength, and K is a factor based on the
spacing of the bars. Units are in MPa and mm. The length over which the elastic bond
transfer is then:
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4.3
where J,. is the maximum bar stress in the elastic portion of the bar. The transfer of stress
from the bar to the concrete over the inelastic portion of the bar is accomplished by
friction. The frictional bond stress, Uf , is given as follows:
SL ~cuJ = (5.5 - .07-) - MPaHL 27.6 4.4
where, SL and HLare the nominal spacing and the height of the surface deformations of
the reinforcing bars. It represents the bond stress in the region where the bar is strain
hardening.
In the region between the double tees, the reinforcing bar is free of bond stress.
This region is initially small but grows if concrete pulls out around the bar. If the bar
force in the free bar is greater than the concrete pullout strength, the free region between
the double tees is augmented by a pullout cone region. Since there is no bond transfer
in this region, this is a region of constant bar stress in which the bar stress is maximum.
The model allows this maximum bar stress to completely dissipate over frictional and
elastic bond stress regions until the steel is acting compositely with the concrete and has
a minimum stress of:
E
f = _s a-sEc
c
43
4.5
where E, and Ec are the elastic moduli of steel and concrete respectively, Since the total
area of topping slab above the double tee panel is large compared to the area of steel, the
area is assumed to remain uncracked, and the value of crc will be quite small.
The total relative deformation between the double tees is the total accumulated
elastic and inelastic strains over Ie' iI" and iii' The deformation was used to determine
stress-strain curves for the reinforcing steel model used for chord steel in the joint region
at each level by dividing the total relative deformation between double tees by the joint
region width, 18 inches.
The joint region is an 18 inch wide region in the model. It is assumed that only
6 inches of the wire in the wire mesh can deform at the gap that develops between double
tee flanges, because the wire is welded to transverse wires every six inches in the mesh.
Therefore, the stress-strain curve of the brittle wire mesh fiber model was modified by
multiplying the strains by (6 inches/8 inches) so that the deformation over the 18 inch
joint region would be concentrated over 6 inches of the wire.
The load-displacement response for the panelized model is shown in Figure 4.19.
The series of peaks and valleys in the load-displacement response in Figure 4.19 is due
to progressive fracturing of the steel fibers with the brittle wire mesh model in the mid-
span joint of the panelized model. Each fiber represents nine wires of the wire mesh
spaced across the width of the diaphragm segment. A comparison of the continuous
model responses and the panelized model response is shown in Figure 4.20.
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4.3 DIAPHRAGM SEGMENT STIFFNESS AND STRENGTH
This section examines the static stiffness and strength of each individual
diaphragm segment in the prototype parking structure. First, the selection of the control
degree-of-freedom is described. Then Section 4.3.2 explains the analytical model used
to determine the stiffness and strength of the prototype diaphragm segments. In Sections
4.3.3 and 4.3.4, the computation of the boundary conditions and shear capacity of the
seam regions which are used to determine the proportional loading pattern for the
diaphragm segments are discussed.
4.3.1 Control Degree-of-Freedom for Static Analysis
The control degree-of-freedom for the static analyses of each diaphragm segment
was the displacement at the segment mid-span. The mid-span displacement of each
diaphragm segment is the largest displacement. Also, as seen later, this displacement is
used as a degree-of-freedom in the dynamic analysis model.
4.3.2 Analytical Model for Stiffness and Strength of Diaphragm Segments
The stiffness and strength of each diaphragm segment is needed for the dynamic
analysis model. The analytical model used to develop these properties of each prototype
diaphragm segment is the panelized model described in Section 4.2.3. The boundary
conditions used for this model are described below.
Due to the non-symmetric arrangement of longitudinal reinforcement in the north
and south diaphragm segments, the stiffness and strength of the north and south
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diaphragm segment depends on the direction of loading. Therefore, it is necessary to
determine the stiffness and strength in the north (positive) and south (negative) directions
for each north and south diaphragm segment. The stiffness and strength of each ramp
diaphragm segment is the same in both transverse directions due to the symmetric
arrangement of longitudinal reinforcement.
4.3.3 Diaphragm Segment Boundary Conditions
Each diaphragm segment was initially modeled as a separate simple beam. To
produce a more accurate model, the forces acting on each diaphragm segment that are
generated in the seam regions located between the floor diaphragm segments and the
ramp diaphragm segments were included in this (Figure 4.21).
The forces generated in the seam regions were calculated and then applied to the
simple beam models along with the uniform transverse load. The seam forces were
estimated from the results of an elastic analysis of an individual floor system performed
using the finite element package ABAQUS. In this analysis, the floor system was
subjected to a uniform transverse inertial loading applied to the north, south, and ramp
diaphragm segments.
From the elastic analysis, stress distributions were generated across several critical
cross-sections, including the mid-span of each diaphragm segment and each seam region.
By integrating the stress distributions, the resulting forces acting on each cross-section
were determined. The resulting forces are shown in Figure 4.22.
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The normal stress distribution over the mid-span cross-section of the north
diaphragm segment results in an axial tension force and a moment. Due to the symmetry
of the floor system, an axial compression force and the same moment are generated at the
mid-span of the south diaphragm segment. The normal stress distribution over the
mid-span cross-section of the ramp diaphragm segment results in a moment but no
resultant axial force.
The normal stresses across the seam regions result in a normal force and a
moment. In addition to these forces, a shear force is also generated across each seam as
a result of the axial forces in the north and south diaphragm segments. The relationship
between the forces and moments generated in the seam regions and the uniform transverse
load was determined, so that a proportional loading of the beam model could be
developed for each of the three different diaphragm segments in the floor system.
The effects of the seam forces on the response of each diaphragm segment are
seen by examining the normal stresses which develop in the individual diaphragm
segments in the elastic finite element analysis (Figure 4.23). The seam forces act to
restrain the end regions of each diaphragm segment. This restraint can be seen in the
deformed shape of the floor diaphragm (Figure 4.24). The normal stress contour of the
deformed floor diaphragm shows the end restraint in the form of stresses which are
reversed in sign from those of the mid-span of the diaphragm segments (Figure 4.25).
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4.3.4 Effective Shear Capacity of the Seam Region
The ability of each seam region to continuously develop seam forces and moments
depends on its shear capacity. Therefore, it is necessary to determine the shear capacity
of the seam regions. The shear capacity of a seam region is based on an estimate of the
maximum shear friction force which can develop. The shear friction force depends on
the maximum force normal to the seam that could be produced by the steel dowels and
wire mesh that cross the seam within the topping slab. The steel dowels are five ft. long
#3 reinforcing bars spaced at 18 inches. Given a yield strength of 60 ksi for the dowels
and 70 ksi for the mesh, and assuming the coefficient of friction, fl, of 1.0, the maximum
shear friction force is equal to the maximum normal force which is:
L Areamesh x 70 ksi + L Areadowels x 60 ksi = 446 kips 4.6
In the static analyses of diaphragm segments that include seam forces at the
boundaries, the seam forces and the uniform transverse load are treated as proportional
up to the shear capacity of the seam region. After this point it is assumed that the seam
forces remain constant while the transverse load increases.
4.3.5 Static Stiffness and Strength Results for Diaphragm Segments
Each prototype diaphragm segment was modeled using the panelized model. The
panelized models included the appropriate amounts of chord steel for each level. The
diaphragm segment models were loaded with the proportional loading pattern that
included seam forces as discussed in Sections 4.3.3 and 4.3.4. The static responses of the
diaphragm segments are shown in Figures 4.26 through 4.36. Included in the responses
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are the piece-wise linear approximations of each response used to determine the dynamic
stiffnesses and strengths used in the dynamic analysis model.
4.4 NONLINEAR DYNAMIC ANALYSIS MODEL
This section presents a non-linear dynamic analysis model for the behavior of the
prototype parking structure under seismic loading. Elements to model the stiffness and
strength of the diaphragm segments, and the stiffness and strength of the shear walls are
discussed. The structural components that contribute to the lumped masses are also
discussed.
4.4.1 Dynamic Degrees-of-Freedom
The dynamic analysis model includes displacement degrees-of-freedom in the
transverse direction of the structure at the mid-span of each diaphragm segment and at
the shear wall at each story. The degrees of freedom are modeled as nodes, with one
horizontal degree-of-freedom per node. To simplify the model, each pair of transverse
shear walls at the east and west ends of the prototype parking structure were modeled
with one displacement degree-of-freedom per floor level by assuming the pair of shear
walls would displace the same amount under transverse seismic loading.
A plan view of the selected degrees-of-freedom for the third, fourth, and fifth
levels is shown in Figure 4.37. For the second level, an additional displacement
degree-of-freedom is used. The ramp connecting the ground level with the second level
is comprised primarily of a slab-on-fill with a small region designed with precast double
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tees. One degree-of-freedom is added to the model at the transition from slab-on-fill to
the more typical double tee ramp region extending from the slab-on-fill to the second
level shear wall (Figure 4.38).
4.4.2 Spring Elements for Diaphragm Segments
The stiffness and strength of each diaphragm segment was modeled as two non-
linear springs connecting the diaphragm segment node to the east and west shear walls.
The hysteretic behavior of the spring elements used is shown in Figure 4.39. The spring
elements in DRAIN-2DX are "zero length", so the nodes at each level have the same X
and Y coordinates. Figure 4.40 illustrates schematically the manner in which the nodes
and springs are arranged by "stretching" the zero length spring elements horizontally (X-
direction). Since the ramp diaphragm segment nodes are at a different elevation than the
shear wall nodes, it is impossible to run a "zero length" spring directly from a shear wall
node to a ramp node. Massless ramp attachment nodes which are located at the
elevations of the shear wall nodes and slaved to the ramp nodes are added to the model
to permit "zero-length" springs to be used to connect the ramp with the shear wall nodes.
The massless ramp attachment nodes are given the same coordinates as the corresponding
shear waIl nodes and are then slaved to the respective ramp master nodes.
4.4.3 Beam Column Elements for Shear Walls
The shear walls are modeled using the DRAIN-2DX beam-column element
between shear wall nodes. The stiffness and strength of these elements are based on the
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respective cross-sections of the transverse shear walls. The bilinear moment curvature
behavior used to model the shear wall cross-sections is shown in Figure 4.41.
4.4.4 Lumped Masses
The mass of the prototype parking structure is lumped at the nodes of the dynamic
analysis model. The structural components considered in calculating each lumped mass
are: (l) the double tees, (2) the 3 inch thick topping slab, (3) the spandrel girders, (4) the
inverted tee girders, (5) the columns, and (6) the shear walls.
4.5 DYNAMIC PROPERTIES
The stiffness, strength, and mass of the prototype parking structure were
determined as discussed above. The diaphragm stiffness and strength values determined
from the static analyses were converted into dynamic stiffness and strength properties and
assigned to appropriate spring elements, as discussed in Section 4.5.1. Shear wall
stiffness and strength properties are discussed in Section 4.5.2. The lumped masses are
discussed in Section 4.5.3. A modal analysis of the dynamic analysis model was
performed using DRAIN-2DX, and the mode shapes are discussed in Section 4.5.4.
Damping is discussed in Section 4.5.5.
4.5.1 Diaphragm Stiffness and Strength
In Section 4.3, the stiffness and strength of the diaphragm segments of the
prototype parking structure under transverse uniform loading was established in terms of
a total transverse load versus the mid-span transverse deflection. To convert these
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stiffness and strength properties into properties needed for the dynamic analysis model,
the transverse response of the diaphragm segments was compared to the response of a
fixed end and a simply supported diaphragm segment subjected to a uniform load (Figure
4.42). The partial end restraint provided by the seam interaction, is less than that of a
fixed end case which offers complete end restraint, but is more than that of a simply
supported case which offers no end restraint. The north and south diaphragm segments
of the fourth level and the ramp diaphragm segment leading from the fourth to third level
were selected as the representative diaphragm segments for comparing the static response
calculated in Section 4.3 with the fixed end and simply supported cases.
First the generalized flexural stiffness, k*, was calculated for fixed end and simply
supported diaphragm segments subjected to a uniform load. The generalized flexural
stiffness was calculated using Equation 4.7.
4.7
where, E is the modulus of elasticity, I is the cross-sectional moment of inertia, L is the
length, and \jf(x) is the normalized shape function of the displaced shape (Figure 4.43).
The values of E, I, and L are the same for the fixed end and simply supported cases. The
shape functions are as follows:
4.8
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\V(x)u = 16x (L
3
-2Lx 2+X 3)
5 L 4
4.9
Substituting these shape functions into Equation 4.7 and performing the integration
produces the following generalized stiffnesses.
k • = 1024 Elfix ---5 L 3
k' = 1644 EI
.u -1-25- -L-3
4.10
4.11
These generalized stiffnesses were then compared to the elastic stiffness of a diaphragm
segment under uniform load, w, expressed as the total applied load divided by the
corresponding mid-span displacement:
4.12
k e = wL
.u -----
5wL 4/384El
384 EI
=----5 L 3
4.13
The ratio of the generalized flexural stiffness to this elastic stiffness was then
calculated for the fixed end and simply supported cases (Table 4.1). To calculate similar
ratios for the three representative diaphragm segments, the end restraint was estimated as
follows. Elastic analyses were performed for each of the three representative diaphragm
segments. Each diaphragm segment was simply supported and subjected to a uniform
53
load. Based on the mid-span deflection and applied uniform load, and using Equation
4.14, equivalent elastic EI values were calculated.
L1
midspan
5wL 4
384£/
4.14
The resulting equivalent EI values are listed in Table 4.2. Based on a constant
elastic load level, these EI values were used to compute the mid-span deflection of each
representative diaphragm segment assuming simple and fixed end support conditions.
These mid-span displacements were then compared to actual mid-span displacements of
the diaphragm segments subjected to the same load level. For ease of comparison, the
displacements being compared are normalized by the mid-span displacement associated
with the fixed end case and shown in Table 4.3.
Based on the values listed in Table 4.3, the seam interaction produces the most
end restraint in the case of the ramp diaphragm segment. Of the three representative
diaphragm segments, the north diaphragm has the least amount of end restraint. Using
the normalized mid-span displacements, ratios of generalized flexural stiffness to elastic
stiffness (expressed as total uniform load divided by mid-span displacement) were linearly
interpolated for each representative diaphragm segment. These ratios were then used to
transform the static stiffness and strength of each diaphragm into corresponding dynamic
properties. The resulting dynamic stiffness and strength values were assigned to the
spring connection elements representing diaphragm segments in the dynamic model.
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The stiffness of the ramp between the ground and second levels of the prototype
parking structure was determined by combining the stiffness of the slab cast-on-fill with
the stiffness of the vertical masonry wall that is transverse to the end of the slab (Figure
4.44). The slab cast-on-fill was modeled as a cantilevered beam subjected to a
concentrated load at its unsupported end. Both flexural and shear deformations were
considered in computing the stiffness. The vertical masonry wall was also assumed to
behave as a cantilevered beam subjected to a concentrated end load. The masonry wall
is 63 ft. long and only 11 ft. - 2 inches high, so only shear deformations were considered
in computing the stiffness.
To compute the stiffness of the remammg portion of the first level ramp,
diaphragm segment, the region between the seams and the region extending from the
seams to the slab-on-fill were considered to act as spring in series. The 32 f1. region
extending from the seams to the slab-on-fill is constructed of a 3 inch topping slab cast
over double tees. Only the flexural stiffness of this region was considered. The final 48
ft. portion of the ramp diaphragm segment located between the seams is also constructed
of a 3 inch topping slab cast over double tees. Because of the rotational restraint placed
on this region by the seams, only its shear stiffness was considered.
4.5.2 Shear Wall Stiffness and Strength
A moment-curvature analysis of each of the transverse shear wall cross-section of
the 1991 and 1994 DBC shear wall designs was performed to determine the properties
to use for the DRAIN-2DX beam-column elements used to model the shear walls in the
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dynamic analysis model. A separate DRAIN-2DX fiber model was developed for each
cross-section to carry out the moment-curvature analysis.
The end regions of cross-sections D, E, and F were reinforced with transverse ties,
thus models were developed for the confined concrete contained with the transverse
reinforcement [Pauley and Priestley (1992)]. The confinement of the concrete in the end
regions of the cross-sections increases its compressive strength and ultimate strain
capacity (Figure 4.45). The ultimate compressive stress, fcc. of the confined concrete is
equal to the confined concrete ratio, K, times fe' K depends on the quantities Px and Py,
which are, respectively, the effective section area ratios of transverse reinforcement to
core concrete cut by planes perpendicular to the x and the y directions. The strain
attained at peak stress, tee' and the ultimate compression strain, tell' are given by Equations
4.l5(a) and 4.l5(b).
tee = 0.002 [1 + 5 (K - 1)] 4.l5(a)
4.l5(b)
In Equation 4.l5(b),,frh is the yield stress of the transverse reinforcement, t sm is the steel
strain at maximum tensile stress, and Ps is equal to Py + Px'
Multi-linear stress-strain curves required for the DRAIN-2DX fiber element for
the confined concrete in cross-sections D, E, and F are presented in Figures 4.46, 4.47,
and 4.48 respectively. The unconfined concrete and the longitudinal steel within the shear
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wall cross-sections were modeled using material models previously developed for the
diaphragm segment fiber models.
An axial compressive load representing the appropriate dead load was applied to
each shear wall cross-section. A constant moment was then applied at each end of the
fiber model. The moment curvature responses were bilinearized to determine equivalent
values of EI in the elastic and inelastic range. The bilinearized response, as shown in
Figures 4.49-4.52, define the elastic stiffness, the inelastic stiffness, and the yield moment
of each of the DRAIN-2DX elements used to model the shear walls designed according
to the 1991 UBC. Moment-curvature analyses of the cross-sections of the shear walls
designed according to the 1994 UBC were also conducted. The bilinearized response for
the 1994 UBC-designed cross-section at the base of the transverse shear wall is similar
to that of cross-section E, with the same elastic stiffness, 50% smaller inelastic stiffness,
and 13 % larger yield moment.
4.5.3 Lumped Masses
Just as the static stiffness of each diaphragm segment was transformed into a
generalized flexural stiffness for use in the dynamic model, the lumped mass had to be
transformed into a generalized mass. The ratio of generalized mass to actual mass was
developed in the same manner as the stiffness ratio.
Again, the comparative cases considered were fixed end and simply supported
beam subjected to a uniform load. Equation 4.16 was used to calculate the generalized
mass terms.
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m* == iL m \jI(X)2 dx 4.16
In Equation 4.16, the constant m is equal to the linear distribution of mass over the
diaphragm. Substituting in the respective shape functions, the following generalized
masses were computed.
128 -
m*j' == __ mL
IX 315
== 3968 mL
7875
4.17
4.18
Dividing the generalized mass terms by mL gives the ratio of generalized mass to actual
diaphragm segment mass (Table 4.4). Referring back to the normalized mid-span
displacements, the ratios of generalized mass to total diaphragm mass were linearly
interpolated for each of the three representative diaphragm segments. These ratios were
used to determine the amount of mass which was lumped at each respective diaphragm
node. The appropriate ratio was applied to the total mass of each diaphragm segment.
The remaining mass was lumped at the shear wall node.
The slab-on-fill and half the transverse masonry wall contributed to the lumped
mass of the degree-of-freedom located at the end of the slab-on-fill (Figure 4.44). The
mass of the slab-on-fill was calculated as a generalized mass term by assuming a linear
shape function and an equivalent uniform distribution of mass. The mass of the slab-on-
fill and the longitudinal masonry walls on either side were considered in determining the
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equivalent uniform mass. The masses of the 32 ft. and 48 ft. long regions of the ramp
between the end of the slab-on-fill and the shear wall were lumped at the shear wall node.
4.5.4 Mode Shape and Periods
A modal analysis of the dynamic analysis model of the prototype parking structure
was performed using DRAIN-2DX. In this analysis, the stiffness of each element which
had a different stiffness in the positive and negative direction (i.e., the north and south
diaphragm segments) was set to the stiffness in the positive direction. The results of the
modal analysis are presented as a series of profile mode shapes. Each profile mode shape
provides displacements along certain profiles along the prototype parking structure. The
five displacement profiles are shown in Figure 4.53. The east (E) and west (W) profiles
refer to the dynamic degrees-of-freedom which represent the displacement of a pair of
transverse shear walls at each end of the structure. The north (N), south (S), and ramp
(R) profiles refer to the dynamic degrees-of-freedom which represent the mid-span
displacement of each respective diaphragm segment.
The first mode is a typical flexure mode with a period of 0.489 seconds (Figure
4.54). The second, third, and fourth modes are dominated by the deformation of the north
diaphragm segments (Figures 4.55-4.57). Modes 5, 7, and 8 are dominated by the
deformation of the south diaphragm segments while mode 6 is dominated by the
deformation of both the north and south diaphragm segments (Figure 4.58- 4.60). Modes
9, 10, and 11 are dominated by the deformation of the ramp diaphragm segments (Figure
59
4.62-4.64). Mode 12 is a torsional mode dominated by the deformation of the east and
west profile in opposite directions (Figure 4.65).
4.5.5 Damping
Rayleigh damping was used for the non-linear dynamic analysis of the prototype
parking structure. The damping matrix is defined such that the damping in modes I and
13 is 2% of critical. Modes 2 through 12 have damping ratios very close to 2%. The
resulting damping ratios for modes 14 and higher were greater than 2%.
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Table 4.1 Ratio of generalized stiffness to elastic stiffness.
I Support Condition II k'/ke Ratio I
Fixed End 0.53
Simply Supported 0.64
Table 4.2. Equivalent EI values for the representative diaphragm segments.
Representative Diaphragm Segments Equivalent Elastic
EI Values
North (4th Level) 5.59 x 1011 kip-in2
South (4th Level) 4.70 x 1011 kip-in2
Ramp (3rd to 4th Level) 4.95 x 1011 kip-in2
Table 4.3. Normalized mid-span displacement for representative diaphragm segments.
Representative Diaphragm Normalized Mid-span Displacements
Segments ~x L\s ~AcruAL
North (4th Level) 1.0 5.0 2.12
South (4th Level) 1.0 5.0 1.16
Ramp (3rd to 4th Level) 1.0 5.0 1.53
Table 4.4. Ratio of generalized mass to actual diaphragm segment mass.
I Support Condition II m*/~ot Ratio I
Fixed End 0.41
Simply Supported 0.51
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Figure 4.1. Simply supported diaphragm segment subjected to uniformly
distributed transverse load.
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71
t::
o
.....
......
ro
1-0
~
........
~
u
u
<C
0.4
0.2
0.6
144 6 8 10 12
Mid-Span Displacment (inches)
2
+--+--+--i-4---+-I---+--+----t-+--+--+-+---+---+---+O
16
,.--. 1200C/J
0..
......
~
'--' 1000
"'0
c'j
0
-J
........ 800
c'j
.€
~
t:: 600
-~
C/J
1-0
~ 400>
C/J
t::
c'j
1-0
200t--
........
ro
......
0
t-- 0
0
Figure 4.19. In-plane flexural response of simply supported panelized
diaphragm: segment model.
50
Brittle Wire Mesh
Ductile Wire Mesh
- - - - - - - - - - - ~ - - - - - - -.............,--~- - - - - - - - - - - - - - - - - - - --
10 20 30 40
Mid-Span Displacment (inches)
,.---Panelized
r Uncracked Section
.......................~ .
Cracked Section
0+----+---+----11---+----+---+----1,....--+---+---1
o
500
........
ro
.....
t:
~
~ 1000
~
C/J
1-0
~
>
C/J
t::
ro
1-0
~
-;;- 2000 ..,.---------------------------.
0..
.....
~
'-"
"'0
ro
.3 1500
Figure 4.20. Comparison of in-plane flexural response of continuous diaphragm
segment models and panelized diaphragm segment model.
72
m-----c.- Ramp Down Ramp Up _---4\
Seam Regions n---~
'------fit Seam Regions 11------/
Figure 4.21. Location of four seam regions for typical level in the
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Figure 4.24. Deformed shape of roof level in prototype parking structure
taken from elastic finite element analysis.
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Figure 4.25. Normal stress distribution for roof level of prototype parking
structure taken from the elastic finite element analysis.
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Figure 4.24. Deformed shape of roof level in prototype parking structure
taken from elastic finite element analysis.
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Figure 4.25. Normal stress distribution for roof level of prototype parking
structure taken from the elastic finite element analysis.
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Figure 4.26. Bilinear approximation of in-plane flexural response of north diaphragm
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Figure 4.27. Bilinear approximation of in-plane flexural response of south diaphragm
segment at the fifth level of the prototype parking structure.
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Figure 4.28. Bilinear approximation of in-plane flexural response of north diaphragm
segment at the fourth level of the prototype parking structure.
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Figure 4.29. Bilinear approximation of in-plane flexural response of south diaphragm
segment at the fourth level of the prototype parking structure.
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Figure 4.31. Bilinear approximation of in-plane flexural response of south diaphragm
segment at the third level of the prototype parking structure.
79
,,--. 1200[JJ
0..
.....
~
'-'
"0 1000
C\':l
0
....:J
..- 800C\':l
.....
t
Il)
c:: 600
-Il)
[JJ
l-.
Il)
400>[JJ
c::
C\':l
l-.
Eo-- 200
..-
C\':l
.....
0
Eo-- 0
0 5 10 15 20 25
Mid-span Displacement (inches)
Figure 4.32. Bilinear approximation of in-plane flexural response of north diaphragm
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Figure 4.34. Bilinear approximation of in-plane flexural response of the fourth
story ramp.
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Figure 4.37. Dynamic degrees-of-freedom for third, fourth, and roof levels.
Figure 4.38. Dynamic degrees-of-freedom for second level.
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Figure 4.39. Hysteretic behavior of spring element used to model diaphragm
segments in dynamic analysis model.
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Figure 4.42. (a) Simply supported and (b) fixed end diaphragm segment
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Figure 4.45. Stress-strain relations for confined and unconfined concrete.
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Figure 4.47. Multi-linear approximation of stress-strain curve for confined
concrete contained in shear wall cross-section E.
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Figure 4.48. Multi-linear approximation of stress-strain curve for confined
concrete contained in shear wall cross-section F.
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Curvature
Bilinear approximation of moment-curvature response for shear
wall cross-section D.
1.2E06
1.0E06
,,-..
c
I
0.. 8.0E05.-~
'-'
.....
c 6.0E05(\)
E
0
~ 4.0E05
2.0E05
0
0
Figure 4.49.
0.0003 0.0006 0.0009 0.0012 0.0015
1.0E06 ,..------------------------,
8.0E05 ~ ~ ~ ~ ~ ~ ~ ~ ~ ./
~
c
.-I
0..:.g 6.0E05
'--'
.....
c(\)
E 4.0E05
o
~
2.0E05 ~ ~ ~ ~ ~ ~ ~ ~ .. ~ .. - - - - ~ _. - ~ - - - - - ~ - - - - - - - ~ - - - - -
0.00150.0003o
O+-----+---4---+--t----+----t----+----+--+------l
0.0006 0.0009 0.0012
Curvature
Figure 4.50. Bilinear approximation of moment-curvature response for shear
wall cross-section E.
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Figure 4.51. Bilinear approximation of moment-curvature response for shear
wall cross-section F.
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Figure 4.52. Bilinear approximation of moment-curvature response for shear
wall cross-section G.
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Figure 4.53. Displacement profiles for prototype parking structure.
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Figure 4.54. Profile mode shapes for Mode 1 (T=0.489 seconds).
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Figure 4.55. Profile mode shapes for Mode 2 (T=O.350 seconds).
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Figure 4.56. Profile mode shapes for Mode 3 (T=O.334 seconds).
96
I
I
I I
East West North South Ramp
Figure 4.57. Profile mode shapes for Mode 4 (T=O.332 seconds).
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Figure 4.58. Profile mode shapes for Mode 5 (T=O.317 seconds).
East West North South Ramp
Figure 4.59. Profile mode shapes for Mode 6 (T=O.311 seconds).
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Figure 4.60. Profile mode shapes for Mode 7 (T=0.307 seconds).
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Figure 4.61. Profile mode shapes for Mode 8 (T=0.303 seconds).
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Figure 4.62. Profile mode shapes for Mode 9 (T=0.277 seconds).
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Figure 4.63. Profile mode shapes for Mode 10 (T=O.264 seconds).
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Figure 4.64. Profile mode shapes for Mode 11 (T=O.259 seconds).
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Figure 4.65. Profile mode shapes for Mode 12 (T=O.245 seconds).
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CHAPTER 5
SEISMIC RESPONSE OF PROTOTYPE
PARKING STRUCTURE
The non-linear dynamic analysis model of the prototype parking structure was
subjected to three different ground motion records in the transverse direction. Two of the
ground motions were recorded during the 1994 Northridge earthquake: (1) in north-south
direction at the Sepulveda V.A. Hospital and (2) in the north-south direction at the Sylmar
County Hospital. The remaining ground motion is the 1940 El Centro north-south record.
A modified model of the prototype parking structure was generated based on the 1994
UBC design of the transverse shear walls. This model was subjected to the Sylmar
ground motion in the transverse direction.
For the Sylmar ground motion record, the results of the dynamic analysis include:
(1) time-history plots of the lateral displacements along each profile, (2) time-history
plots of story drift of each level of each profile, (3) time-history plots of the moment in
a shear wall at each level, and (4) time-history plots of the transverse force generated in
each half of the diaphragm segments. For all ground motion records, the dynamic results
include: (1) values of maximum north and south lateral displacement for each profile
degree-of-freedom and corresponding time, (2) values of maximum positive and negative
story drift for each story of each profile and corresponding times, (3) values of residual
lateral displacement for each profile degree-of-freedom, and (4) number of yield cycles
for each diaphragm segment and each level of each shear wall. The profile degrees-of-
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freedom are the same as those used to display the mode shapes in Section 4.5.4. For all
dynamic analyses of the prototype parking structure, north is the positive direction and
south is the negative direction.
5.1 RESPONSE TO SYLMAR GROUND MOTION
The Sylmar ground motion was recorded on January 17, 1994 during the
Northridge earthquake [CSMIP]. The ground motions were recorded in the parking lot
of the Sylmar County Hospital. The time-history acceleration record of the Sylmar
ground acceleration (north-south) is shown in Figure 5.1. The record is 59.98 seconds
long and has a peak acceleration of O.84g. Because the most severe accelerations are
contained in the initial portion of the Sylmar ground motion, only the first 20 seconds of
the ground motion were considered in the analysis.
Time-history plots of the lateral displacements of the prototype parking structure
along each profile are shown in Figures 5.2 through 5.6. Referring to the time-history
plots of displacement along the height of the shear walls (Figures 5.2 and 5.3), there is
a relatively uniform increase in displacement from one level to the next up the height of
the walls. This uniform increase in displacement implies a uniform story drift for each
story along the shear walls. For the north and south profile displacements (Figure 5.4 and
5.5), the displacements at the second, third, and fourth levels are approximately the same,
while the displacements at the fifth level are larger. For each dynamic degree-of-freedom,
the maximum lateral displacement in the positive and negative directions and the time at
which they occur are given in Tables 5.1 through 5.5. The absolute maximum lateral
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displacements for the north and south profiles at the fifth level are 6.5 inches and 7.3
inches respectively (Tables 5.1 and 5.2). These displacements are larger than the absolute
maximum displacement of 4.8 inches which occurs at the fifth level of the west and east
shear wall (Tables 5.4 and 5.5).
Based on the lateral displacements of each dynamic degree-of-freedom, story drifts
were calculated for each story of each profile of the prototype structure. Time-history
plots of these story drifts are shown in Figures 5.7 through 5.22. Referring to the time-
history plots of story drift for the east and west shear walls (Figures 5.7-5.14), the plots
are similar in appearance with minor increases in story drift along the height of the shear
walls. Figures 5.15 and 5.16 show the large negative story drifts which occur in the first
story along the north and south profiles. The story drifts in the second and third stories
of the north and south profiles are much smaller (Figures 5.17-5.20). The story drifts
along the north and south profiles are again large in the fourth story (Figures 5.21-5.22).
The maximum story drift for each story of each profile and the time at which they occur
are given in Tables 5.6 though 5.10. The story drifts along the west and east shear walls
are relatively uniform (Tables 5.9-5.10). The maximum drifts in each story increase
slightly with an absolute maximum of 1.1% in the fourth stories of the east and west
shear walls. For the north and south profiles, the largest story drifts (absolute maximums
of 3.5% and 4.4% respectively) occur in the first story. The story drifts in the second and
third stories of the north and south profiles are much smaller (l % or less), while the story
drifts in the fourth stories of the north and south profiles are larger (2% or more).
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With the exception of the first story ramp, each shear wall and diaphragm
degree-of-freedom accumulated a considerable amount of residual lateral displacement.
The residual lateral displacement at each degree-of-freedom is recorded in Table 5.11.
Due to the large acceleration pulse in the Sylmar ground motion record, all
degrees-of-freedom were off-set in the negative direction. In the case of the north and
south profiles, the residual displacements at the second, third, and fourth levels are similar
(2-3 inches), and the residual displacements at the fifth levels, 3.0 inches and 4.5 inches
respectively, are larger. The residual displacements increase uniformly up the height of
each shear wall. The residual displacements at the fifth level of the west and east shear
walls are 2.7 inches and 3.3 inches respectively.
Interior columns in the prototype structure support both ramp and floor diaphragm
segments. As a result, each column is required to endure deformations caused by
differential lateral displacements along its length. The location of the ramp between floor
levels creates short columns segments and further increases the deformation demands.
By comparing the lateral displacements along the north, south and ramp profiles, the
deformation demands of the interior columns are examined. Figure 5.23 shows a
displaced cross-section of the prototype parking structure at diaphragm mid-span taken
at a point in time (t=4.5 seconds) during the Sylmar ground motion. Figure 5.24
compares the displacements along the west shear wall and north profile at the same point
in time.
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In the dynamic model, the diaphragm degrees-of-freedom are located at the mid-
spans of the diaphragm segments. Thus, each diaphragm segment is divided into a west
half and east half, and each half of the diaphragm segment is modeled with an identical
spring element. The time-history plots of the transverse force generated in each half of
each diaphragm segment are shown in Figures 5.25 through 5.48. The number of yield
events for each diaphragm segment is given in Tables 5.12 through 5.14. A diaphragm
yield event is defined as simultaneous yielding of both springs modeling each half of the
diaphragm segment. Yielding of the first story ramp was defined as yielding of the upper
portion of the ramp which was constructed more like a typical segment.
The time-history plots of the moment which developed in the west and east
transverse shear walls are shown in Figures 5.49 through 5.56. The transverse shear walls
yielded in the positive and negative direction at the ground level. At the second level,
only the west shear walls experienced minor yielding in the negative direction. Yielding
of the transverse shear walls did not occur at the third and fourth levels. The number of
yield events for each level of each shear wall is given in Tables 5.15 and 5.16.
Comparison of these results for the shear walls with those for the diaphragm segments
indicates that the diaphragms yield nearly as often as the shear walls.
5.2 RESPONSE TO SEPULVEDA GROUND MOTION
The Sepulveda ground motion was recorded on January 17, 1994 during the
Northridge Earthquake [USGS]. The ground motions were recorded at the site of the
Sepulveda V.A. Hospital located in Los Angeles. The time-history acceleration record
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of the Sepulveda ground acceleration (north-south) is shown in Figure 5.57. The record
is 47.79 seconds long and has a peak acceleration of O.92g.
The maximum lateral displacements in the positive and negative directions and the
time at which they occur are given in Tables 5.17 through 5.21. The absolute maximum
lateral displacements which occur at the fifth level of the north and south profiles are 6.42
inches and 6.71 inches respectively. These displacements are larger than the absolute
maximum displacements which occur at the fifth level of the west and east shear walls,
3.7 inches and 3.8 inches respectively. Similarly, the absolute maximum displacements
at the second level of the north and south profile, 2.8 and 4.1 inches respectively, are
much larger than the absolute maximum displacements at the second level of the west and
east shear walls, 0.8 and 0.9 inches respectively. The maximum story drifts along each
profile and the time at which they occur are given in Tables 5.22 through 5.26. There
are minor increases in the story drift along the height of the west and east shear walls.
The absolute maximum story drift in the west and east shear walls is 0.9% in the fourth
story. The largest story drifts along the north and south profiles occur in the first and
fourth stories. The absolute maximum story drifts in the first story of the north and south
profiles are 2.1 % and 3.1 % respectively, while those in the fourth story of the north and
south profiles are 3.3% and 2.9% respectively. The story drifts in the second and third
stories of the north and south profiles are less than 2%. With the exception of the first
story ramp, each displacement degree-of-freedom accumulated a residual displacement.
The approximate residual displacements along each profile are given in Table 5.27. The
residual displacements along the west and east shear walls increase uniformly along the
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height of the shear wall in the negative direction. The residual displacements at the fifth
level of the west and east shear walls are 1.6 and 1.8 inches respectively. The residual
displacements at the second, third, and fourth levels of the north profile are less than 0.5
inches, while the corresponding residual displacements along the south profile are 2
inches. The residual displacements at the fifth levels of the north and south profiles are
I and 3 inches respectively.
Figure 5.58 shows a displaced shape of the prototype parking structure at
diaphragm mid-span taken at a point in time (t=7.82 seconds) during the Sepulveda
ground motion. This displaced shape shows the lateral displacement demands placed on
the interior and exterior columns. Figure 5.59 shows a comparison of the displacements
along the west shear wall and the south profile taken at the same time as Figure 5.58.
The number of times that each diaphragm segment reached its yield capacity in
either the positive or negative direction is given in Tables 5.28 through 5.30. The
transverse shear walls all yielded in both the positive and negative direction at the ground
level. At the second level, the west shear walls yielded in the negative direction only
while the east shear walls did not yield. The transverse shear walls at the third and fourth
levels did not yield. The number of yield events for each level of each shear wall is
given in Tables 5.31 and 5.32. A comparison of the number of yield events for the shear
walls and the diaphragm segments indicates that the diaphragms yield more frequently
than the shear walls.
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5.3 RESPONSE TO EL CENTRO GROUND MOTION
The EI Centro ground motion was recorded during the 1940 Imperial County
Earthquake. The EI Centro ground motion record is shown in Figure 5.60. The ground
motion is 53.1 seconds long and has a peak acceleration of 0.34g. Unlike the Northridge
records, the peaks of this ground motion are more uniform over the duration of strong
shaking, and the record is not dominated by a few strong pulses. The EI Centro ground
motion was scaled up by 1.5 times, resulting in a peak ground acceleration of 0.51 g,
before it was applied to the prototype structure (Figure 5.61).
The maximum lateral displacements in the positive and negative directions and the
time at which they occur are given in Tables 5.33 through 5.37. The absolute maximum
displacements at the fifth level of the north and south profiles are 5.1 and 4.1 inches
respectively. These displacements are larger than the absolute maximum displacements
at the fifth level of the west and east shear walls, 3.1 and 3.6 inches respectively.
Likewise, the absolute maximum displacements at the second level of the north and south
profiles, 2.1 and 1.5 inches respectively, are larger than the corresponding displacements
at the west and east shear walls, 0.7 and 0.8 inches respectively. The maximum positive
and negative story drifts along each profile and the time when they occur are given in
Tables 5.38 through 5.42. The story drift increases slightly along the height of the west
and east shear walls. The absolute maximum story drifts in the fourth story of the west
and east shear wall are 0.71 % and 0.81 % respectively. The largest story drifts along the
north and south profiles are concentrated at the fourth level. The absolute maximum story
drift in the fourth story of the north and south profile is 2.42%. The approximate residual
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displacements along each profile are given in Table 5.43. The residual displacements
along the east shear wall are all approximately zero, while the residual displacements
along the west shear wall and south profile are 0.5 inches or less. The residual
displacements along the north profile are all larger than 0.5 inches, and the residual
displacement at the fifth level is 2.5 inches.
Figure 5.62 shows a displaced shape of the prototype parking structure at
diaphragm mid-span taken at a point in time (t=4.40 seconds) during the El Centro ground
motion. Figure 5.63 shows a comparison of the displacements along the west shear wall
and the south profile taken at the same time as Figure 5.62.
The number of times that each diaphragm segment reached its yield capacity in
either the positive or negative direction is given in Tables 5.45 through 5.46. The
transverse shear walls on the west and east ends of the prototype parking structure yielded
in the north and south directions at the ground level. The second, third, and fourth levels
of the shear walls did not yield. The number of times that each shear wall yields at each
level is given in Tables 5.47 and 5.48. These results show that the diaphragms yield as
often as the shear walls
5.4 RESPONSE TO SYLMAR GROUND MOTION (1994 UBC SHEAR WALLS)
The dynamic responses discussed in Sections 5.1, 5.2, and 5.33 are based on the
prototype structure with shear walls designed according to the 1991 UBC seismic design
provisions. The Sylmar ground motion, described in Section 5.2, was applied to the
prototype structure with shear walls designed according to the 1994 UBC code. This
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enables a comparison of the responses of parking structures with shear walls designed
according to the 1994 and 1991 UBC codes to be made.
The maximum lateral displacements in the positive and negative directions and the
times at which they occur are given in Tables 5.49 through 5.53. The absolute maximum
displacements at the fifth level of the north and south profiles are 6.0 and 6.3 inches
respectively. These displacements are larger than the absolute maximum displacements
at the fifth level of the west and east shear walls, 5.4 and 5.6 inches respectively. The
absolute maximum displacements at the second level of the north and south profiles, 4.2
and 5.3 inches respectively, are much larger than the corresponding displacements at the
west and east shear walls, 1.3 and 1.4 inches respectively. The maximum positive and
negative story drifts along each profile and the time which they occur are given in Tables
5.54 through 5.58. There are minor increases in the peak story drift along the height of
the shear walls. The absolute maximum story drift in the fourth story of the west and
east shear walls is 1.2%. For the north and south profiles, the largest story drifts occur
in the first story. The absolute maximum story drifts in the first story of the north and
south profiles are 3.1 % and 3.9% respectively. The residual displacements along each
profile are given in Table 5.59. As a result of the large acceleration pulse in the
beginning of the Sylmar ground motion, all residual displacements are in the negative
direction. The residual displacements along the west and east shear wall increase
uniformly along the height of the shear wall. The peak residual displacements at the fifth
levels of the west and east shear walls are 2.0 and 2.8 inches respectively. The residual
displacements at the second, third, and fourth levels of the north and south profiles are
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very similar, while the residual displacements at the fifth level are the largest. The peak
residual displacements at the fifth levels of the north and south profiles are 2.0 and 3.5
inches respectively.
Figure 5.64 shows a displaced shape of the prototype parking structure at
diaphragm mid-span taken at a point in time (t=7.15 seconds) during the Sylmar ground
motion. Figure 5.65 compares the displacements along the west shear wall and the south
profile for at the same point in time as Figure 5.64.
The number of times that each half of each diaphragm segment reached its yield
capacity in either the positive or negative direction is given in Tables 5.60 through 5.62.
The transverse shear walls yielded in the positive and negative direction at the ground.
At the third level, the west shear walls yielded in the north and south directions, and the
east shear walls did not yield. At the second and fourth levels, the shear walls did not
yield. The number of times that each shear wall yielded at each level is given in Tables
5.63 and 5.64. The results show that the diaphragms yield as often as the shear walls.
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Table 5.1. Maximum positive and negative lateral displacements along north profile
for Sylmar ground motion.
Maximum Positive Maximum Negative
North Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
N2 1.66 3.73 4.72 4.41
N3 2.51 3.76 4.37 4.39
N4 3.67 3.77 4.56 4.40
N5 4.88 3.78 6.45 4.45
Table 5.2. Maximum positive and negative lateral displacements along south profile
for Sylmar ground motion.
Maximum Positive Maximum Negative
South Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
S2 1.39 3.74 5.83 4.43
S3 2.51 3.76 5.09 4.41
S4 3.68 3.77 5.11 4.41
S5 4.88 3.77 7.33 4.46
Table 5.3. Maximum positive and negative lateral displacements along ramp profile
for Sylmar ground motion.
Maximum Positive Maximum Negative
Ramp Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
RI-2 0.007 3.60 0.014 4.25
R2-3 2.21 3.75 4.08 4.39
R3-4 3.24 3.76 3.40 7.92
R4-5 4.37 3.77 5.64 4.42
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Table 5.4. Maximum positive and negative lateral displacements along west profile for
Sylmar ground motion.
Maximum Positive Maximum Negative
West Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
W2 0.98 3.77 1.10 4.40
W3 2.00 3.77 2.24 4.41
W4 3.10 3.77 3.48 4.42
W5 4.24 3.77 4.77 4.43
Table 5.5. Maximum positive and negative lateral displacements along east profile for
Sylmar ground motion.
Maximum Positive Maximum Negative
East Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
E2 1.07 3.76 1.14 4.41
E3 2.14 3.76 2.28 4.42
E4 3.29 3.76 3.52 4.43
E5 4.47 3.76 4.80 4.43
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Table 5.6. Maximum positive and negative story drift along north profile for Sylmar
ground motion.
Maximum Positive Maximum Negative
North Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
N2:Ground 1.24 3.73 3.52 4.41
N3:N2 0.96 3.83 0.82 6.98
N4:N3 1.07 3.82 0.91 4.07
N5:N4 1.07 3.82 2.03 4.49
Table 5.7. Maximum positive and negative story drift along south profile for Sylmar
ground motion.
Maximum Positive Maximum Negative
South Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
S2:Ground 1.04 3.74 4.35 4.43
S3:S2 1.04 3.80 0.41 7.01
S4:S3 1.05 3.81 0.68 6.44
S5:S4 1.07 3.81 2.64 8.62
Table 5.8. Maximum positive and negative story drift along ramp profile for Sylmar
ground motion.
Maximum Positive Maximum Negative
Ramp Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
Rl-2:Ground 0.011 3.60 0.012 4.25
R2-3:RI-2 1.84 3.75 3.40 4.39
R3-4:2-3 0.98 3.81 0.67 5.52
R4-5:R3-4 1.07 3.82 1.94 4.43
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Table 5.9. Maximum positive and negative story drift along west profile for Sylmar
ground motion.
Maximum Positive Maximum Negative
West Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
W2:Ground 0.73 3.77 0.82 4.40
W3:W2 0.85 3.77 0.96 4.42
W4:W3 0.92 3.77 1.04 4.43
W5:W4 0.95 3.77 1.09 4.43
Table 5.10. Maximum positive and negative story drift along east profile for
Sylmar ground motion.
Maximum Positive Maximum Negative
East Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
E2:Ground 0.79 3.76 0.85 4.41
E3:E2 0.89 3.76 0.96 4.43
E4:E3 0.96 3.76 1.03 4.43
E5:E4 0.98 3.76 1.07 4.43
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Table 5.11. Residual lateral displacements along the (a) north, (b) south, (c) ramp,
(d) west, and (e) east profile for Sylmar ground motion.
Residual Lateral
North Displacement
Profile (in)
N2 -2.0
N3 -2.0
N4 -2.0
N5 -3.0
(a)
Residual Lateral
South Displacement
Profile (in)
S2 -3.1
S3 -2.8
S4 -2.7
S5 -4.5
(b)
Residual Lateral
Ramp Displacement
Profile (in)
RI-2 0.0
R2-3 -2.0
R3-4 -1.8
R4-5 -2.9
(c)
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Residual Lateral
West Displacement
Profile (in)
W5 -0.7
W4 -1.3
W3 -2.0
W2 -2.7
(d)
Residual Lateral
East Displacement
Profile (in)
E2 -1.0
E3 -1.8
E4 -2.5
E5 -3.3
(e)
Table 5.12. Yield events for north diaphragm segments for Sylmar ground motion.
I Level 11 Positive Yield Events II Negative Yield Events I
2 I 2
3 I 2
4 2 2
5 3 2
Table 5.13. Yield events for south diaphragm segments for Sylmar ground motion.
[ Level ![ Positive Yield Events II Negative Yield Events I
2 0 2
3 0 2
4 1 3
5 0 3
Table 5.14. Yield events for ramp diaphragm segments for Sylmar ground motion.
[ Story I[ Positive Yield Events II Negative Yield Events I
1-2 2 1
2-3 0 2
3-4 0 1
4-5 0 2
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Table 5.15. Yield events for west shear wall for Sylmar ground motion.
I Level II Positive Yield Events II Negative Yield Events I
Ground 2 4
2 a I
3 a a
4 a a
Table 5.16. Yield events east shear wall for Sylmar ground motion.
I Level 11 Positive Yield Events 11 Negative Yield Events I
Ground 2 4
2 a a
3 a 0
4 a 0
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Table 5.17. Maximum positive and negative lateral displacements along north
profile for Sepulveda ground motion.
Maximum Positive Maximum Negative
North Displacement Time Disphicement Time
Profile (in) (sec) (in) (sec)
N2 2.83 5.72 2.58 7.78
N3 1.97 5.71 2.40 7.76
N4 3.27 5.73 3.69 7.78
N5 6.42 5.83 4.15 7.82
Table 5.18. Maximum positive and negative lateral displacements along south
profile for Sepulveda ground motion.
Maximum Positive Maximum Negative
South Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
S2 1.42 5.68 4.13 7.78
S3 1.64 5.70 3.49 7.77
54 3.07 5.73 4.66 7.79
S5 4.88 5.80 6.71 7.82
Table 5.19. Maximum positive and negative lateral displacements along ramp
profile for Sepulveda ground motion.
Maximum Positive Maximum Negative
Ramp Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
RI-2 0.006 3.59 0.009 7.68
R2-3 1.62 5.68 2.47 7.76
R3-4 2.37 5.71 3.31 7.77
R4-5 4.13 5.76 4.57 7.79
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Table 5.20. Maximum positive and negative lateral displacements along west profile
for Sepulveda ground motion.
West Maximum Positive Maximum Negative
Profile Displacement Time Displacement Time
(in) (sec) (in) (sec)
W2 0.67 5.77 0.81 7.79
W3 1.38 5.77 1.71 7.79
W4 2.14 5.77 2.70 7.79
W5 2.93 5.78 3.73 7.79
Table 5.21. Maximum positive and negative lateral displacements along east profile
for Sepulveda ground motion.
Maximum Positive Maximum Negative
East Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
E2 0.68 5.77 0.89 7.79
E3 1.38 5.77 1.81 7.79
E4 2.13 5.77 2.80 7.79
E5 2.90 5.78 3.82 7.79
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Table 5.22. Maximum positive and negative story drift along north profile for
Sepulveda ground motion.
Maximum Positive Maximum Negative
North Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
N2:Ground 2.11 5.72 1.93 7.78
N3:N2 0.49 4.19 1.52 8.13
N4:N3 1.14 5.76 1.31 7.83
N5:N4 3.34 5.88 1.66 7.9
Table 5.23. Maximum positive and negative story drift along south profile for
Sepulveda ground motion.
Maximum Positive Maximum Negative
South Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
S2:Ground 1.06 5.68 3.08 7.78
S3:S2 0.94 9.00 0.34 3.46
S4:S3 1.29 5.76 1.18 7.84
S5:S4 2.08 5.84 2.88 7.92
Table 5.24. Maximum positive and negative story drift along ramp profile for
Sepulveda ground motion.
Maximum Positive Maximum Negative
Ramp Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
Rl-2:Ground 0.01 3.59 0.013 7.68
R2-3:Rl-2 1.34 5.68 2.06 7.76
R3-4:2-3 0.81 5.76 0.97 7.85
R4-5:R3-4 1.68 5.79 1.37 7.84
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Table 5.25. Maximum positive and negative story drift along west profile for
Sepulveda ground motion.
Maximum Positive Maximum Negative
West Story Drift Time Story Drift Time
Profile (0/0) (sec) (0/0) (sec)
W2:Ground 0.49 5.77 0.60 7.79
W3:W2 0.59 5.77 0.75 7.78
W4:W3 0.64 5.74 0.82 7.79
W5:W4 0.68 5.74 0.85 7.79
Table 5.26. Maximum positive and negative story drift along east profile for
Sepulveda ground motion.
Maximum Positive Maximum Negative
East Story Drift Time Story Drift Time
Profile (0/0) (sec) (0/0) (sec)
E2:Ground 0.50 5.77 0.66 7.79
E3:E2 0.58 5.77 0.77 7.79
E4:E3 0.64 5.79 0.83 7.78
E5:E4 0.67 5.80 0.86 7.78
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Table 5.27. Residual lateral displacements along the (a) north, (b) south, (c) ramp,
(d) west, and (e) east profile for Sepulveda ground motion.
Residual Lateral
North Displacement
Profile (in)
N2 0.2
N3 0.0
N4 -0.5
N5 -1.0
(a)
Residual Lateral
South Displacement
Profile (in)
S2 -2.0
S3 -1.7
S4 -1.8
S5 -3.0
(b)
Residual Lateral
Ramp Displacement
Profile (in)
Rl-2 0.0
R2-3 -0.8
R3-4 -1.5
R4-5 -1.2
(c)
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Residual Lateral
West Displacement
Profile (in)
W5 -0.4
W4 -0.7
W3 -1.2
W2 -1.6
(d)
Residual Lateral
East Displacement
Profile (in)
E2 -0.5
E3 -1.0
E4 -1.4
E5 -1.8
(e)
Table 5.28. Yield events for north diaphragm segments for Sepulveda ground
motion.
I Level II Positive Yield Events II Negative Yield Events I
2 4 2
3 4 1
4 4 4
5 5 4
,
Table 5.29. Yield events for south diaphragm segments for Sepulveda ground
motion.
I Level 1/ Positive Yield Events II Negative Yield Events I
2 2 3
3 0 4
4 4 4
5 2 6
Table 5.30. Yield events for ramp diaphragm segments for Sepulveda ground
motion.
I Story II Positive Yield Events II Negative Yield Events I
1-2 2 1
2-3 2 2
3-4 0 4
4-5 3 5
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Table 5.31. Yield events for west shear wall for Sepulveda ground motion.
I Level II Positive Yield Events II Negative Yield Events I
Ground 4 3
2 0 1
3 0 0
4 0 0
Table 5.32. Yield events east shear wall for Sepulveda ground motion.
I Level II Positive Yield Events II Negative Yield Events I
Ground 3 3
2 0 0
3 0 0
4 0 0
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Table 5.33. Maximum positive and negative lateral displacements along north
profile for El Centro ground motion.
Maximum Positive Maximum Negative
North Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
N2 2.10 5.15 0.85 4.38
N3 1.67 1.94 1.46 4.38
N4 3.12 12.21 2.16 4.40
N5 5.14 12.28 3.13 2.26
Table 5.34. Maximum positive and negative lateral displacements along south
profile for El Centro ground motion.
Maximum Positive Maximum Negative
South Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
S2 0.76 4.60 1.49 4.38
S3 1.60 1.96 1.81 4.38
S4 2.50 1.93 2.39 4.40
S5 4.08 1.93 3.55 4.43
Table 5.35. Maximum positive and negative lateral displacements along ramp
profile for El Centro ground motion.
Maximum Positive Maximum Negative
Ramp Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
Rl-2 0.007 1.79 0.006 1.51
R2-3 1.14 1.97 1.03 4.35
R3-4 2.10 1.97 1.79 4.37
R4-5 3.25 1.95 2.63 4.41
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Table 5.36. Maximum positive and negative lateral displacements along west profile
for El Centro ground motion.
Maximum Positive Maximum Negative
West Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
W2 0.67 1.93 0.39 2.26
W3 1.40 1.94 0.87 2.26
W4 2.21 1.94 1.42 2.26
W5 3.06 1.95 2.01 2.27
Table 5.37. Maximum positive and negative lateral displacements along east profile
for El Centro ground motion.
Maximum Positive Maximum Negative
East Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
E2 0.80 1.95 0.44 2.26
E3 1.65 1.95 0.96 2.26
E4 2.58 1.95 1.55 2.27
E5 3.55 1.95 2.20 2.27
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Table 5.38. Maximum positive and negative story drift along north profile for EI
Centro ground motion.
Maximum Positive Maximum Negative
North Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
N2:Ground 1.57 5.15 0.63 4.38
N3:N2 0.76 1.95 0.85 2.78
N4:N3 1.62 12.26 0.96 4.95
N5:N4 2.42 12.35 1.16 2.29
Table 5.39. Maximum positive and negative story drift along south profile for EI
Centro ground motion.
Maximum Positive Maximum Negative
South Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
S2:Ground 0.57 4.60 1.11 4.38
S3:S2 0.76 1.94 0.52 3.86
S4:S3 1.29 12.2 0.88 4.94
S5:S4 1.37 4.76 2.42 5.05
Table 5.40. Maximum positive and negative story drift along ramp profile for EI
Centro ground motion.
Maximum Positive Maximum Negative
Ramp Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
RI-2:Ground 0.01 1.79 0.009 1.51
R2-3:RI-2 0.95 1.98 0.85 4.35
R3-4:2-3 0.80 1.96 0.78 2.29
R4-5:R3-4 1.42 5.22 0.98 4.45
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Table 5.41. Maximum positive and negative story drift along west profile for El
Centro ground motion.
Maximum Positive Maximum Negative
West Story Drift Time Story Drift Time
Profile (0/0) (sec) (0/0) (sec)
W2:Ground 0.50 1.93 0.30 2.26
W3:W2 0.61 1.94 0.40 2.26
W4:W3 0.68 1.95 0.46 2.27
W5:W4 0.71 1.95 0.50 2.28
Table 5.42. Maximum positive and negative story drift along east profile for El
Centro ground motion.
Maximum Positive Maximum Negative
East Story Drift Time Story Drift Time
Profile (0/0) (sec) (%) (sec)
E2:Ground 0.60 1.95 0.33 2.26
E3:E2 0.71 1.95 0.43 2.27
E4:E3 0.78 1.95 0.50 2.28
E5:E4 0.81 1.95 0.54 2.28
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Table 5.43. Residual lateral displacements along the (a) north, (b) south, (c) ramp,
(d) west, and (e) east profile for EI Centro ground motion.
Residual Lateral
North Displacement
Profile (in)
N2 1.0
N3 0.5
N4 1.5
N5 2.5
(a)
Residual Lateral
South Displacement
Profile (in)
S2 -0.2
S3 0.0
S4 0.5
S5 0.0
(b)
Residual Lateral
Ramp Displacement
Profile (in)
Rl-2 0.0
R2-3 0.3
R3-4 0.3
R4-5 0.6
(c)
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Residual Lateral
West Displacement
Profile (in)
W5 0.1
W4 0.2
W3 0.4
W2 0.5
(d)
Residual Lateral
East Displacement
Profile (in)
E2 0.0
E3 0.0
E4 0.0
E5 0.0
(e)
Table 5.44. Yield events for north diaphragm segments for El Centro ground
motion.
I Level II Positive Yield Events
"
Negative Yield Events I
2 5 0
3 3 1
4 3 1
5 5 3
Table 5.45. Yield events for south diaphragm segments for El Centro ground
motion.
I Level II Positive Yield Events II Negative Yield Events I
2 1 4
3 0 1
4 2 3
5 3 5
Table 5.46. Yield events for ramp diaphragm segments for El Centro ground
motion.
I Story II Positive Yield Events II Negative Yield Events I
1-2 2 1
2-3 I 0
3-4 1 1
4-5 4 3
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Table 5.47. Yield events for west shear wall for EI Centro ground motion.
1
Level II Positive Yield Events II Negative Yield Events I
Ground 4 5
2 0 0
3 0 0
4 0 0
Table 5.48. Yield events east shear wall for El Centro ground motion.
I Level II Positive Yield Events II Negative Yield Events I
Ground 2 4
2 0 0
3 0 0
4 0 0
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Table 5.49. Maximum positive and negative lateral displacements along north
profile for Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
North Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
N2 1.79 3.74 4.21 4.41
N3 2.99 3.77 3.65 4.40
N4 4.47 3.78 3.66 7.95
N5 6.00 3.79 5.34 4.46
Table 5.50. Maximum positive and negative lateral displacements along south
profile for Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
South Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
S2 1.63 3.75 5.25 4.43
S3 3.00 3.77 4.29 4.42
S4 4.46 3.78 4.03 7.95
S5 5.99 3.79 6.27 7.15
Table 5.51. Maximum positive and negative lateral displacements along ramp
profile for Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
Ramp Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
Rl-2 0.008 3.61 0.008 4.3
R2-3 2.64 3.76 3.34 4.39
R3-4 3.95 3.78 2.99 7.92
R4-5 5.42 3.79 4.43 7.95
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Table 5.52. Maximum positive and negative lateral displacements along west profile
for Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
West Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
W2 1.27 3.79 0.84 7.12
W3 2.54 3.79 1.70 7.12
W4 3.93 3.79 2.94 7.12
W5 5.38 3.79 4.23 7.13
Table 5.53. Maximum positive and negative lateral displacements along east profile
for Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
East Displacement Time Displacement Time
Profile (in) (sec) (in) (sec)
E2 1.37 3.78 0.97 7.16
E3 2.71 3.78 1.93 7.16
E4 4.14 3.78 3.08 7.16
E5 5.61 3.78 4.25 7.17
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Table 5.54. Maximum positive and negative story drift along north profile for
Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
North Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
N2:Ground 1.34 3.74 3.14 4.41
N3:N2 1.29 3.84 0.55 7.00
N4:N3 1.37 3.83 0.65 4.09
N5:N4 1.37 3.84 1.98 4.47
Table 5.55. Maximum positive and negative story drift along south profile for
Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
South Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
S2:Ground 1.21 >' 3.75 3.92 4.43
S3:S2 1.29 3.82 0.22 7.02
S4:S3 1.34 3.83 0.51 6.41
S5:S4 1.38 3.83 2.40 4.51
Table 5.56. Maximum positive and negative story drift along ramp profile for
Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
Ramp Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
Rl-2:Ground 0.011 3.61 0.012 4.30
R2-3:Rl-2 2.20 3.76 2.79 4.39
R3-4:2-3 1.27 3.83 0.54 8.54
R4-5:R3-4 1.40 3.84 1.54 8.00
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Table 5.57. Maximum positive and negative story drift along west profile for
Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
West Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
W2:Ground 0.95 3.79 0.63 7.12
W3:W2 1.06 3.78 0.71 7.12
W4:W3 1.16 3.79 1.05 7.14
W5:W4 1.21 3.80 1.08 7.15
Table 5.58. Maximum positive and negative story drift along east profile for
Sylmar ground motion (1994 UBC shear wall design).
Maximum Positive Maximum Negative
East Story Drift Time Story Drift Time
Profile (%) (sec) (%) (sec)
E2:Ground 1.02 3.78 0.72 7.15
E3:E2 1.12 3.78 0.80 7.16
E4:E3 1.19 3.78 0.96 7.18
E5:E4 1.23 3.78 0.99 4.46
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Table 5.59. Residual lateral displacements along the (a) north, (b) south, (c) ramp,
(d) west, and (e) east profile for Sylmar ground motion (1994 UBC
shear wall design).
Residual La.teral
North Displacement
Profile (in)
N2 -1.6
N3 -1.5
N4 -1.2
N5 -2.0
(a)
Residual Lateral
South Displacement
Profile (in)
S2 -2.5
S3 -2.2
S4 -1.8
S5 -3.5
(b)
Residual Lateral
Ramp Displacement
Profile (in)
RI-2 0.0
R2-3 -1.4
R3-4 -1.2
R4-5 -1.9
(c)
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Residual Lateral
West Displacement
Profile (in)
W5 -0.3
W4 -0.6
W3 -1.2
W2 -2.0
(d)
Residual Lateral
East Displacement
Profile (in)
E2 -0.7
E3 -1.2
E4 -2.0
E5 -2.8
(e)
Table 5.60. Yield events for north diaphragm segments for Sylmar ground motion
(1994 DBC Shear Walls).
I Level II Positive Yield Events II Negative Yield Events I
2 I 2
3 I 2
4 2 2
5 4 2
Table 5.61. Yield events for south diaphragm segments for Sylmar ground motion
(1994 DBC Shear Walls).
I Level II Positive Yield Events II Negative Yield Events I
2 a 2
3 a 2
4 1 3
5 a 3
Table 5.62. Yield events for ramp diaphragm segments for Sylmar ground motion.
(1994 DBC Shear Walls).
I Story II Positive Yield Events II Negative Yield Events I
1-2 2 1
2-3 a 2
3-4 a 3
4-5 a 2
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Table 5.63. Yield events for west shear wall for Sylmar ground motion (1994 UBC
Shear Walls).
I Level II Positive Yield Events II Negative Yield Events I
Ground I 3
2 0 0
3 I 3
4 0 0
Table 5.64. Yield events east shear wall for Sylmar ground motion (1994 VBC
Shear Walls).
I Level II Positive Yield Events II Negative Yield Events I
Ground 1 3
2 0 0
3 0 1
4 0 0
138
0.8
~ 0.6
oD
'-../
c: 0.40
.-.......('j
I-< 0.21)
.......
1)
() 0()
<C
-0.2
-0.4
-0.6
0 10 20 30 40
Time (seconds)
50
Figure 5.1. Sylmar ground motion record.
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Figure 5.2. Lateral displacement of degrees-of-freedom along east profile
for Sylmar ground motion.
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Figure 5.3. Lateral displacement of degrees-of-freedom along west profile
for Sylmar ground motion.
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Figure 5.4. Lateral displacement of degrees-of-freedom along north profile
for Sylmar ground motion.
1
1
I
---1---
I
1
---IL--- ~J l L L__
, Ii" I I /,. t 1
In:i I I til I
I I I " I I I I I I
___L __ ~_~-J-__ J_~-J---1---1---.L--_L__
I I I I I I I I I
I I I 1 I 1 I I 1
1 I 1 I I I I I 1
I I
.1 I S2
---~--~---~---~---~--_~ ~ __ S3
I II I 1 1 1 I' S4
I I I I I I I S5
I I I I I I I , ,
---1-- - 1---1- ---,---,-- -~- --T--- r- -- r --
I 1 1 I 1 1 I I 1
1 1 I I I I I I 1
1 I 1 I 1 1 1 I1- - - 1- - - ,- - - I - - - T - - - T - - - I - - - , - -
I I 1 1 1 1 I I
I I 1 I 1 1 I 1
I 1 1 1 I I 1
~ ---T--- ---1---'--
1
6
-8
o 2 4 6 8 10 12 14 16 18 20
Time (seconds)
Figure 5.5. Lateral displacement of degrees-of-freedom along south profile
for Sylmar ground motion.
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for Sylmar ground motion.
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Figure 5.7. Story drift between W2 and Gound for Sylmar ground motion.
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Figure 5.8. Story drift between E2 and Ground for Sylmar ground motion.
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Figure 5.9. Story drift between W3 and W2 for Sylmar ground motion.
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Figure 5.10. Story drift between E3 and E2 for Sylmar ground motion.
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Figure 5.11. Story drift between W4 and W3 for Sylmar ground motion.
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Figure 5.12. Story drift between E4 and E3 for Sylmar ground motion.
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Figure 5.13. Story drift between W5 and W4 for Sylmar ground motion.
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Figure 5.14. Story drift between E5 and E6 for Sylmar ground motion.
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Figure 5.16. Story drift between N2 and Ground for Sylmar ground motion.
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Figure 5.17. Story drift between S3 and S2 for Sylmar ground motion.
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Figure 5.18. Story drift between N3 and N2 for Sylmar ground motion.
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Figure 5.20. Story drift between N4 and N3 for Sylmar ground motion.
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Figure 5.21. Story drift between S5 and S4 for Sylmar ground motion.
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Figure 5.22. Story drift between N5 and N4 for Sylmar gound motion.
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Figure 5.25. Transverse force in west half of south diaphragm segment
at the second level.
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Figure 5.26. Transverse force in east half of south diaphragm segment
at the second level.
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Figure 5.27. Transverse force in west half of north diaphragm segment
at the second level for Sylmar ground motion.
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Figure 5.28. Transverse force in east half of north diaphragm segement
at the second level for Sylmar ground motion.
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at the third level for Sylmar ground motion.
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Figure 5.30. Transverse force in east half of south diaphragm segment
at the third level for Sylmar ground motion.
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at the third level for Sylmar ground motion.
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Figure 5.32. Transverse force in east half of north diaphragm segment
at the third level for Sylmar ground motion.
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Figure 5.33. Transverse force in west half of ramp connecting levels
two and three for Sylmar ground motion.
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Figure 5.34. Transverse force in east half of ramp connecting levels
two and three for Sylmar ground motion.
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Figure 5.38. Transverse force in east half of north dipahragm segment
at the fourth level for Sylmar ground motion.
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400
-- ---- -- -- - - [" -- -- - - - - --- - - - - --
Transverse yield load in north direction
~
P.. 300
:.Q
'--'
'U 200
C\l
o
-J 100
......
t 0Q)
c:
-Q) -100
(/J
\-;
Q)
> -200
(/J
c:
C\l\-; -300E-
-- --- ----- ---- -- -- --- -- --
[TranSVerse yield load in south direction
-- _.- - --- --- --- - - - -- ---- --- - -- ---
AOO
o 5 10
Time (seconds)
15 20
Figure 5.40. Transverse force in east half of ramp connecting levels
three and four for Sylmar ground motion.
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Figure 5.41. Transverse force in west half of south diaphragm segment
at the roof level for Sylmar ground motion.
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Figure 5.42. Transverse force in east half of south diaphragm segment
at the roof level for Sylmar ground motion.
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Figure 5.44. Transverse force in east half of north diaphragm segment
at the roof level for Sylamr gorund motion.
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ground motion.
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Figure 5.62. Lateral displacement of interior and exterior columns at diaphragm
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profile for El Centro ground motion at time t=4.4 seconds.
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CHAPTER 6
FURTHER OBSERVATIONS ON SEISMIC RESPONSE
OF PROTOTYPE PARKING STRUCTURE
The seismic response of the prototype parking structure to the earthquake ground
motions, Sylmar 1994, Sepulveda 1994, and El Centro 1940, was presented in Chapter
5. For the Sylmar ground motion, the responses of the prototype structure with 1991
UBC shear wall design and with the 1994 UBC shear wall design were presented.
Observations about the seismic response of the prototype structure were also provided.
In this chapter, further observations and assessments of the seismic response of the
prototype structure are made. In particular, the influence of ground motion and the effect
of the different shear wall designs are investigated. The seismic response is compared
with the response that is anticipated in current design practice, and findings regarding the
accuracy of the anticipated response are provided.
6.1 INFLUENCE OF EARTHQUAKE GROUND MOTION
The three ground motions, Sylmar 1994, Sepulveda 1994, and El Centro 1940,
produce significantly different responses. However, the response for all the three ground
motions was influenced by diaphragm behavior.
The Sylmar ground motion produces the largest shear wall displacement, 4.8
inches at the fifth level. The Sepulveda ground motion produces a shear wall
displacement of 3.8 inches at the fifth level, and the El Centro ground motion produces
173
a shear wall displacement of 3.6 inches at the fifth level. The Sylmar ground motion
produces the largest displacements of the north and south profiles at the fifth level, 6.5
inches and 7.3 inches respectively. The Sepulveda ground motion produces displacements
of 6.4 and 6.7 inches at the fifth level of the north and south profiles, and the EI Centro
ground motion produced peak displacements of 5.1 and 4.1 inches at the fifth level of the
north and south profiles. For the Sylmar ground motion, all the peak displacements are
in the negative direction. For the Sepulveda ground motion, all the peak shear wall
displacements are in the negative direction. For the El Centro ground motion, all the
peak displacements are in the positive direction.
For each of the three ground motions, the peak story drifts increase slightly up the
height of the shear walls. The Sylmar ground motion, however, produces the largest
shear wall story drift, 1.1 % in the fourth story. The Sepulveda ground motion produces
a shear wall story drift of 0.9% in the fourth story, and the El Centro ground motion
produces a shear wall story drift of 0.8% in the fourth story. The Sylmar ground motion
produces the largest story drift along the north profile, 3.5% in the first story. The
Sepulveda ground motion produces a north profile story drift of 3.3% in the fourth story,
and the El Centro ground motion produces a north profile story drift of 2.4% in the fourth
story. The Sylmar ground motion also produces the largest story drift along the south
profile, 4.4% in the first story. The Sepulveda ground motion produces a south profile
story drift of 3.1 % in the first story, and the El Centro ground motion produces a south
profile story drift of 2.4% in the fourth story.
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The Sylmar ground motion produces the largest shear wall residual displacement,
3.3 inches at the fifth level. The Sepulveda ground motion produces a shear wall residual
displacement of 1.8 inches at the fifth level, and the EI Centro ground motion produces
a shear wall residual displacement of 0.5 inches at the fifth level. The Sylmar ground
motion also produces the largest north and south profile residual displacements, 3.0 and
4.5 inches at the fifth level respectively. The Sepulveda ground motion produces residual
displacements of 1.0 and 3.0 inches at the fifth level of the north and south profiles, and
the EI Centro ground motion produces residual displacements of 0.5 and 0.0 inches at the
fifth level of the north and south profiles.
The Sepulveda and EI Centro ground motions produce the greatest number of yield
events in a north diaphragm segment, 5, at the fifth level. The Sylmar ground motion
produces 3 yield events in the fifth level north diaphragm segment. The Sepulveda
ground motion produces the greatest number of yield events in a south diaphragm
segment, 6, at the fifth level. The Sylmar ground motion produces 3 yield events in the
fifth level south diaphragm segment. The EI Centro ground motion prodU<;es 5 yield
events in the fifth level south diaphragm segment. The EI Centro ground motion
produces the greatest number of yield events in the shear walls, 5, at the ground level.
The Sylmar and Sepulveda grounds motion each produce 4 yield cycles in the shear walls
at the ground level.
From the results summarized in this section, it appears that the Sylmar ground
motion is the most damaging. It produces the largest drifts and displacements in the
prototype structure primarily as a result of the acceleration pulses around 4.4 seconds of
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the ground motion record, but the El Centro and Sepulveda ground motions produce more
yield events. The influence of the diaphragm behavior on the response is apparent for all
three ground motions. The peak story drift in the first story along the north and south
profiles is 3 to 4 times that of the shear walls for all three ground motions. The peak
fifth level displacement along the north and south profiles is 1.4 to 1.8 times that of the
shear wall for all three ground motions. The diaphragms yield a large number of times
for all three ground motions.
6.2 1994 UBC VS. 1991 UBC SHEAR WALL DESIGN
The 1994 UBC shear wall design has a smaller design moment than the 1991 UBC
design, and this was expected to influence the response of the prototype parking structure
and to reduce the displacement and force demands on the floor diaphragms. This section
investigates this by comparing the response of the structure with the 1994 UBC shear wall
design with the response of the structure with the 1991 UBC shear wall design. The
response of the structure to the Sylmar 1994 ground motion was used for the comparison.
The 1994 UBC shear wall design has the largest shear wall displacement, 5.6
inches at the fifth level. The 1991 UBC shear wall design has a shear wall displacement
of 4.8 inches at the fifth level. The 1991 UBC shear wall design produces larger north
and south profile displacements at the fifth level, 6.5 and 7.3 inches respectively. The
1994 UBC shear wall design produces displacements of 6.0 and 6.3 inches at the fifth
level of the north and south profiles. The maximum displacements for both shear wall
designs were all in the negative direction.
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For both shear wall designs, the story drifts increase slightly up the height of the
shear wall. The 1994 UBC shear wall design, however, has the largest shear wall story
drift, 1.2% at the fourth story. The 1991 UBC shear wall design has a shear wall story
drift of 1.1 % at the fourth story. The 1991 UBC shear wall design produces the largest
north and south profile story drifts in the first story, 3.5% and 4.4% respectively. The
1994 UBC shear wall design produces peak north and south profile story drifts of 3.1 %
and 3.9% in the first story.
The 1991 UBC shear wall design produces a larger shear wall residual
displacement, 3.3 inches at the fifth level. The 1994 UBC shear wall design produces a
shear wall residual displacement of 2.8 inches at the fifth level. The 1991 UBC shear
wall design also produces a largest north and south profile residual displacements, 3.0 and
4.5 inches at the fifth level respectively. The 1994 UBC shear wall design produces
residual displacements of 2.0 and 3.5 inches at the fifth level of the north and south
profiles.
The 1994 UBC shear wall design produces a greater number of yield events in
a north diaphragm segment, 4, at the fifth level. The 1991 UBC shear wall design
produces 3 yield events in the fifth level north diaphragm segment. Both shear wall
designs produce 3 yield events in the fifth level south diaphragm segment. The 1991
UBC shear wall design has a greater number of shear wall yield events, 4, at ground
level. The 1994 UBC shear wall design has 3 shear wall yield events at the ground level.
Unlike the 1991 UBC shear wall design, which does not yield at the third and fourth
level, the 1994 UBC shear wall design has 3 shear wall yield events at the third level.
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From the results summarized in this section, the differences in the response of the
prototype parking structure with the 1994 UBC shear wall design and the response of the
structure with the 1991 shear wall design are not significant. Although the 1994 UBC
design has less longitudinal reinforcement in the edge region than the 1991 UBC design,
the longitudinal steel in the panel region is the same. As a result, the yield moment of
the bilinearized moment-curvature for the cross-section at the ground level of the 1994
UBC design shear wall is only 10% less than that of the 1991 UBC design shear wall.
This difference in response is not enough to significantly modify the seismic response of
the structure.
6.3 COMPARISON OF UBC ANTICIPATED PERFORMANCE WITH
PERFORMANCE UNDER SYLMAR AND EL CENTRO GROUND
MOTIONS
In this section, the Sylmar and EI Centro ground motion responses are compared
to the UBC anticipated performance. The maximum displacements along each profile for
the Sylmar and El Centro ground motions are compared to the displacements anticipated
in the UBC design approach in Tables 6.1 and 6.2. The UBC anticipated displacements
were based on an elastic analysis of the 1991 UBC design transverse shear wall subjected
to the code-specified distribution of design lateral loads. For the elastic analysis, the
shear wall was modeled using a cracked concrete cross-section. The resulting elastic
displacements at each level were then multiplied by (3/8)Rw to arrive at the UBC
anticipated displacements. In Table 6.3 and 6.4, the peak story drifts along each profile
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for the Sylmar and EI Centro ground motion are compared with the UBC drift limit,
which is calculated as (0.004/R,Jx(3/8)R" for the prototype structure.
In Tables 6.5 and 6.6, the total forces acting on each diaphragm segment are
compared. The tables compare the total UBC design force for a diaphragm segment, the
total diaphragm segment force shear capacity, and the total force generated in the north
and south diaphragm segments during the Sylmar and EI Centro ground motions. The
UBC design forces were calculated by applying Equation 2.6 to each diaphragm segment.
The shear friction capacity of each diaphragm segment was estimated to determine if the
diaphragm segments would fail in shear. The shear friction capacity of each diaphragm
segment depends on the normal force that can be generated by the reinforcing chord steel
and wire mesh. Assuming a coefficient of friction, 11, equal to 1.0, the shear capacity was
equal to the maximum normal force which could be generated in a diaphragm segment.
This shear capacity was assumed to be reached at the ends of the diaphragm segment and
the total diaphragm segment force shear capacity is therefore estimated as twice the shear
friction capacity. The total force developed in each diaphragm during the dynamic
analyses is approximately equal to the yield strength in most cases. Tables 5.12, 5.13,
5.44, and 5.45 indicate which diaphragms yielded for the Sylmar and EI Centro ground
motions. The total forces generated in each diaphragm segment during the dynamic
analyses were computed by summing the forces generated in each half of a diaphragm
segment and transforming this total generalized force into a total diaphragm segment force
by reversing the procedure used in Section 4.5 to develop the generalized stiffness and
strength.
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The results in Tables 6.5 and 6.6 show that the total force developed in the
diaphragm segments are larger than the design forces. The effects of the seam forces
generated though the diaphragm segment interaction produce more capacity than
anticipated in design. The diaphragm forces developed in the dynamic analyses are
smaller than the total diaphragm segment force shear capacity. This appears to indicate
that shear failure of the diaphragm segments would not occur during these ground
motions, although it is recognized that the possibility of shear failure cannot be excluded
by this crude estimate of shear capacity. Further study of this issue is needed.
The results in presented in this section indicate that the response of the prototype
structure is much different than anticipated from the UBC design approach. The
displacements and story drifts are much larger, even for the El Centro ground motion,
which was scaled to a peak ground acceleration of O.51g. The drifts in the first story are
quite large, and in the first story, the .gravity load system may be least able to endure
large drifts. Moreover, the differential displacements along the length of the interior
columns produced by the relative displacement of the ramp, and the north and south
diaphragm segments creates even larger deformation demands on the gravity load system,
as shown in Figures 5.23, 5.58, 5.62, and 5.64. Finally, the forces developed in the
diaphragm segments are much larger than the design forces, indicating that overstrength
in the design, the contribution of the wire mesh, and the effect of seam forces generated
by interaction between the diaphragm segments results in diaphragm segments that resist
larger inertial loads than expected.
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Table 6.1. Comparison of displacements anticipated from the UBC with displacements
for Sylmar ground motion.
Lateral Displacement (inches)
Absolute Maximum from Dynamic Analysis Results
Level UBC East West North South
2 .273 1.14 1.10 4.72 5.83
3 .714 2.28 2.24 4.37 5.09
4 1.26 3.52 3.48 4.56 5.11
5 1.85 4.80 4.77 6.45 7.33
Table 6.2. Comparison of displacements anticipated from UBC with displacements
for the £1 Centro ground motion.
Lateral Displacement (inches)
Absolute Maximum from Dynamic Analysis Results
Level UBC West North SouthEast
2 .273 0.80 0.67 2.10 1.49
3 .714 1.65 1.40 1.67 1.81
4 1.26 2.58 2.21 3.12 2.50
5 1.85 3.55 3.06 5.14 4.08
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Table 6.3. Comparison of UBC story drift limitwith story drifts for
Sylmar ground motion.
Story Drift (%)
Absolute Maximum from Dynamic Analysis Results
Story UBC East West North South
I 1.50 0.85 0.82 3.52 4.35
2 1.50 0.96 0.96 0.96 1.04
3 1.50 1.03 1.04 1.07 1.05
4 1.50 1.07 1.09 2.03 2.64
Table 6.4. Comparison of VBC story drift limitwith story drifts for
El Centro ground motion.
Lateral Displacement (in)
Absolute Maximum from Dynamic Analysis Results
Story VBC East West North South
1 1.50 0.60 0.50 1.57 1.11
2 1.50 0.71 0.61 0.85 0.76
3 1.50 0.78 0.68 1.62 1.29
4 1.50 0.81 0.71 2.42 2.42
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Tabele 6.5. Comparison of total UBC design force, total diaphragm segment force
shear capacity, and total diaphragm segment force for Sylmar ground
motion.
Total Diaphragm Segment Force (kips)
North Diaphragm South Diaphragm
Segment (Sylmar) Segment (Sylmar)
UBC Shear Max. Max. Max. Max.
Level Design Capacity Positive Negative Positive Negative
2 500 1568 884 1232 997 956
3 637 1779 994 1322 1080 1040
4 739 1937 1122 1369 1403 1152
5 727 1919 1104 1373 1323 1155
Tabele 6.5. Comparison of total UBC design force, total diaphragm segment force
shear capacity, and total diaphragm segment force for Sylmar ground
motion.
Total Diaphragm Segment Force (kips)
North Diaphragm South Diaphragm
Segment (El Centro) Segment (El Centro)
UBC Shear Max. Max. Max. Max.
Level Design Capacity Positive Negative Positive Negative
2 500 1568 899 1227 1265 914
3 637 1779 997 1315 1329 1020
4 739 1937 1130 1364 1407 1146
5 727 1919 1139 1367 1409 1151
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
This research has investigated the response of precast parking structures to
earthquake ground motions in the transverse direction of the structure. The research was
motivated by the failures of precast parking structures during the 1994 Northridge
earthquake. The primary objectives of this research were: (1) to study the elastic and
inelastic behavior of the floor diaphragms of a typical precast concrete parking structure,
and (2) to determine the influence of diaphragm behavior on the seismic response of the
parking structure, in particular, on the story drifts, and the resulting drift demand placed
on the gravity load system of the parking structure.
A prototype parking structure typical of precast parking structures in the Los
Angeles area was studied. The diaphragm and shear walls of the structure were modeled
for static and dynamic analysis. Static inelastic analyses were performed to determine the
stiffness and strength properties of each diaphragm segment of the prototype structure.
These properties were then incorporated into a multi degree-of-freedom dynamic analysis
model. The response of the prototype parking structure to earthquake ground motions in
the transverse direction was analyzed. Three ground motion records were considered:
Sylmar 1994, Sepulveda 1994, and E1 Centro 1940. The effects of in-plane flexible
diaphragm behavior on the seismic performance of the parking structure was observed.
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[n Section 7.1, conclusions are drawn concerning the seismic performance of the
prototype parking structure. Recommendations to improve on the performance of the
prototype structure are presented in Section 7.2. Finally, Section 7.3 discusses the need
for future research to further study the collapses of the precast parking structures during
the 1994 Northridge Earthquake.
7.1 CONCLUSION BASED ON DYNAMIC PERFORMANCE OF PROTOTYPE
PARKING STRUCTURE
Several features of the dynamic response were considered in evaluating the seismic
performance of the prototype parking structure. These features include (1) displacement,
(2), story drift, and (3) yielding of the diaphragm segments.
7.1.1 Displacement
The responses of the prototype parking structure under transverse earthquake
ground motions include peak displacements at the mid-span of the diaphragm segments
of 7.3 inches at the fifth level and 5.8 inches at the second level. The corresponding peak
shear wall displacements were 5.6 inches at the fifth level and 1.3 inches at the second
level. These results, particularly at the second level, invalidate the rigid diaphragm
assumption used in design. More important than the displacements are the story drifts
that result. This is most evident in the first story of the prototype parking structure.
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7.1.2 Drifts
Due to the large displacements which occur at the mid-span of the diaphragm
segments at the second level of the prototype parking structure, large story drifts (4.4%)
were concentrated in, the first story of the parking structure. It is likely that the gravity
load system in the first story would be unable to undergo such large deformations.
Moreover, the differential lateral displacements along the length of the interior columns
produced by relative displacements of the ramp and the north and south diaphragm
segments create even large: deformation demands on the gravity load system. A possible
failure of the first story gravity load system would lead to the collapse of the parking
structure.
7.1.3 Yield Events
The diaphragm segments experience as many as six yield events at the fifth level.
In many cases, the diaphragms yield as often as the shear walls. The diaphragms are not
properly detailed for stable, ductile, inelastic behavior and, as a result, it is unlikely that
they possess a stable hysteretic behavior. Therefore, it is unlikely that a diaphragm could
yield numerous times without failure.
7.2 RECOMMENDATIONS TO IMPROVE PERFORMANCE
Several changes in the design of the prototype structure should be made to
improve the performance of the prototype structure. The lateral load resisting system
should include additional transverse shear walls or lateral load resisting frames at the
middle of the prototype parking structure. This would decrease the length of diaphragm
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between lateral load system components and reduce the flexibility of the diaphragms. In
addition, this would reduce relative displacements between the ramps and the north and
south diaphragm segments which create very large deformation demands on the interior
columns at the middle of the structure.
The diaphragm segments should be designed to remain elastic to eliminate two
problems which contribute to the poor seismic performance of the prototype structure.
( I) Elastic behavior of the diaphragm segments would eliminate the
likelihood of unstable hysteretic behavior due to the lack of detailing for stable, ductile,
inelastic behavior.
(2) The inelastic deformations of the diaphragms are much greater than elastic
deformations, and thus, yielding of the diaphragms results in large story drifts at locations
away from the shear walls. Elastic behavior of the diaphragm segments would decrease
these large story drifts.
Changes in two specific areas of the UBC design approach should be considered:
( I) There is no rationale for designing the diaphragms for code-specified forces
derived for an R
w
factor based on the ductility capacity of the vertical elements of the
lateral load resisting system. If the lateral load resisting system and the diaphragms are
both provided with resistance strength equal to these code-specified design forces, the
diaphragms will yield as often as the lateral load resisting system, however, the
diaphragms are not properly detailed for stable inelastic behavior. If the vertical elements
of the lateral load resisting system have greater overstrength (actual strength compared
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to design forces) than the diaphragms, the diaphragms will be the pnmary inelastic
component of the lateral load resisting system. This is clearly undesirable. A capacity-
based design approach is needed to ensure that diaphragms remain elastic without yielding
in tlexure or failing in shear.
(2) The deformation of the diaphragm should be explicitly treated in the design
approach. The deformation can influence many aspects of the seismic performance, such
as the periods and mode shapes, the distribution of inertial forces on the floor diaphragms
(these forces are not simply proportional to mass), the distribution of resistance between
vertical elements of lateral load resisting systems, the distribution of forces over the
height of the vertical elements of the lateral force resisting system (a consequence of the
change in mode shapes), the magnitude of story drifts that must be endured by the
structure, and the distribution of story drifts over the height of the structure.
7.3 Future Research
Additional research should be done to build on the results of this research. A
more accurate dynamic analysis model which considers the effects of in-plane diaphragm
behavior on the seismic performance of the parking structure should be developed and
used to verify the performance obtained here. A more accurate dynamic analysis model
would include more degrees-of-freedom in the diaphragm segment model, and would
explicitly consider the diaphragm shear strength.
In order to better understand the effects of the inelastic diaphragm behavior and
to develop capacity design concepts, the results of this research could be combined with
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analyses in which the diaphragm segments are modeled as elastic elements.
Experimental and analytical investigations into the drift capacity of the gravity
load system of precast parking structures should be undertaken. This would provide a
rational assessment of the drift demands obtained in this research.
Experimental and analytical investigations into the behavior of joint regIOns
between double tee units (including the topping slab, wire mesh, and chord steel), and the
behavior of the seam regions between diaphragm segments are needed. Combinations of
shear force, bending moment, and axial force should be considered.
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